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ABSTRACT
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CONTROLLING LIGHT LOCALIZATION WITH NANOPHOTONIC METAMATERIALS
by Tsung-Sheng Kao
Light localization plays an important role in developing high resolution imaging and
precision technologies in nanophotonics. In order to create and control nanoscale light
localizations, this thesis has investigated into two research topics with diﬀerent types
of nanophotonic metamaterials: precise control of near-ﬁeld light localizations and
subwavelength light concentration beyond the near ﬁeld.
For the ﬁrst topic, (i) I have demonstrated for the ﬁrst time that a planar ﬁsh-scale
metamaterial can be used as a controllable template for nanoscale light localizations.
By tuning the polarization and wavelength of an incident light beam, the positions of
energy hot-spots on the landscape of the metamaterial can be eﬃciently controlled.
Moreover, it has been found that the locations of the hot-spots show a high correlation
with the nanostructure, the unit cell size, and the dipole absorption resonance of the
ﬁsh-scale metamaterial.
In an array of discrete asymmetrically split-ring meta-molecules system, (ii) I have also
demonstrated for the ﬁrst time that the well-isolated subwavelength energy hot-spots
can be created and positioned on the metamaterial landscape by the coherent control of
a monochromatic continuous light beam with a spatially modulated phase proﬁle. Due
to the strong optically induced interactions between meta-molecules, a well-isolated
energy hot-spot of a fraction of wavelength has been created. By simply tailoring the
phase proﬁle, the hot-spot positions on the metamaterial can be prescribed and moved
at will from one meta-molecule to another in a digital fashion with an accurate moving
step around λ/2. In my experiments, (iii) I have integrated a scanning near-ﬁeld optical
microscope and a spatial light modulator to demonstrate the coherent control process.
Via this approach, an energy concentration on the nanoscale and accurate control of
the energy hot-spots have been achieved.
For the second topic, based on optical super-oscillation, (iv) I have ﬁrst created an
isolated focused spot by using a super-oscillating binary masks with radially symmetric
quasi-periodic arrangement of nanoholes. The well-isolated focused spot around 0.45 λ
has been acquired in a wide ﬁeld of view about 90 λ. (v) Discovering another exploita-
tion of nanohole arrays, it has been shown that a quasi-periodic nanohole array can be
used as a conventional lens with a high numerical aperture around 0.89.Contents
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12 1. Introduction
1.1 Motivation
With the rapid development of nanophotonics, there has been increasing attention on
localizing and concentrating the optical energy of a light beam to form a subwave-
length (≪ λ) focused spot. Thus, within the last few decades, a number of promising
concepts of subwavelength optical ﬁeld generation and detection have been widely pro-
posed and experimentally demonstrated [1–10], some of which have made signiﬁcant
breakthroughs in biological specimen imaging and nanostructure fabrication [11–19].
Meanwhile, a great deal of eﬀort has been made in controlling and manipulating fo-
cused subwavelength spots at will [20–31]. However, it is found that most of these
techniques are restricted to certain wavelengths, limited nanosystems or fail to achieve
nanoscale accuracy in optical manipulation.
To overcome the limitations above, this thesis will focus on manipulating charac-
teristics of light and using various kinds of nanostructures, with the aim of easily and
precisely creating and controlling nanoscale light localizations. Fundamental theories
and experimental methods relevant to this theme will be discussed below. It is hoped
that through this work, a new scheme of light localization can be developed and hence
applied in practical areas such as super-resolution imaging [1–7,11–13,32–78], ultra-high
density data storage [79–88], optical nanolithography [14–19,89,90] and nanolumines-
cent bio-assay labeling [91–93].
1.2 Light localization in the near ﬁeld
1.2.1 Diﬀraction limit
In terms of subwavelength light localization, the ﬁrst challenge encountered will be the
diﬀraction limit [94], which is inherent in the nature of light and will aﬀect the image
resolution. The origin and impact of the diﬀraction limit are now discussed.
For an electromagnetic wave (EM wave) incident upon on a screen or a sample as
in the diagram schematically shown in Fig. 1.1, the transmitted EM wave behind the
screen can be given by
Aei(⃗ κ·⃗ r−ωt) = Aei(κxX+κyY +κzZ−ωt) (1.1)1.2. Light localization in the near ﬁeld 3
where A is the amplitude of the transmitted EM wave and ⃗ κ is the wavevector,
indicating the wave propagation direction [42, 95]. The wavevector ⃗ κ has a value,
|⃗ κ| = κ0 =
√
κ2
x + κ2
y + κ2
z, where κ0 is the wavenumber and κi are the wavenum-
ber components associated with the wave propagation in the X, Y and Z directions.
Therefore, the transmitted wave can be expressed again as follows.
Aei(κxX+κyY −ωt)ei(κzZ) = Aei(κxX+κyY −ωt)ei(
√
κ2
0−(κ2
x+κ2
y)Z) (1.2)
Along the Z direction, the types of wave propagation can be categorized as follows.
• Propagating waves (κ2
0 > κ2
x + κ2
y): κz is real, meaning that the transmitted
waves have the form, Aei(κxX+κyY −ωt)ei(
√
κ2
0−(κ2
x+κ2
y) Z). Such waves will propa-
gate to the far-ﬁeld region as propagating waves and can be captured in conven-
tional optical systems.
• Surface waves (κ2
0 = κ2
x + κ2
y): κz = 0. The form of the wave propagation
becomes Aei(κxX+κyY −ωt). Only the waves with the wavenumber components κx
and κy exist and form surface waves travelling on the interface between diﬀerent
media in the X and Y directions.
• Evanescent waves (κ2
0 < κ2
x + κ2
y): The transverse spatial frequency κ∥ =
√
κ2
x + κ2
y is greater than the free space wavenumber κ0, meaning that the lon-
gitudinal wavenumber κz, associated with the wavevector components in the Z
direction, becomes imaginary and the transmitted waves have the form,
Aei(κxX+κyY −ωt)e−(
√
|κ2
0−(κ2
x+κ2
y)| Z) (1.3)
This indicates that the amplitude of these transmitted waves decreases expo-
nentially in the Z direction and is conﬁned to a distance close to the interface
between diﬀerent media. Therefore, an evanescent wave, or evanescent ﬁeld, is
a near-ﬁeld standing wave exhibiting exponential decay with distance away from
the boundary and cannot propagate to the far-ﬁeld region. Thus the evanescent
waves, which carry detailed information from objects with high spatial frequen-
cies κx and κy, are lost in the far-ﬁeld region. As E. K. Abbe mentioned, such4 1. Introduction
loss causes inaccuracy of detection in conventional far-ﬁeld optics and thus images
generated are diﬀraction-limited [94,96,97].
Figure 1.1: Imaging the free space ﬁeld behind a screen. Schematic representa-
tion. For an electromagnetic wave (EM wave) incident upon on a screen, the transmitted
EM wave behind a screen can be diﬀracted into propagating waves (κ2
0 > κ2
x + κ2
y), sur-
face waves (κ2
0 = κ2
x + κ2
y) and evanescent waves (κ2
0 < κ2
x + κ2
y). For the evanescent
waves, the wavenumber κz associated with the propagation in the Z direction is imaginary,
which indicates that the amplitude of the evanescent ﬁeld decreases exponentially in the Z
direction.
For over a century, it has been generally accepted that, due to the loss of high spatial
frequencies κx and κy in the far-ﬁeld region, the smallest focused spot and the maximum
spatial resolution of a conventional optical imaging system are both limited by the
diﬀraction of light. As E. K. Abbe suggests, the resolution of an imaging instrument is
not restricted by the quality of the components, but limited by the wavelength (λ) of
the incident light beam and the numerical aperture (N.A.) of the optics. Therefore, as
shown in Fig. 1.2, the minimum resolving distance (△) of adjacent illuminated spots
is determined by the Abbe-Rayleigh diﬀraction limit [94]
△ =
0.61λ
N.A.
. (1.4)
Here N.A. is equal to nsinθ. n is the refractive index of the medium where the lens
is working and θ is the half-angle subtended by the lens with respect to an object or a
point light source as shown in Fig. 1.3. The value of N.A. indicates the light harvesting
or emitting ability of a lens. In a microscope system, the minimum resolving distance -1.2. Light localization in the near ﬁeld 5
denoted as the maximum spatial resolution - is often estimated to be half the wavelength
of an incident light beam. The conventional and intuitive way to increase the spatial
resolution in an optical microscope system is choosing a shorter wavelength of incident
light beam and selecting a higher numerical aperture objective lens.
Take an objective lens immersed in oil of high refractive index (n = 1.515) for
example, the largest value of N.A. is around 1.38. When the wavelength λ = 500 nm
of a visible light source is applied, the best spatial resolution of a conventional optical
system is approximately 0.45 λ, suggesting 220 nm as the best resolution achievable in a
conventional optical microscope. Such performance is unable to meet the requirements
of modern technology. However, there is one obvious solution to break this limitation:
to recover the evanescent wave which is lost during light propagation.
Figure 1.2: Abbe-Rayleigh diﬀraction limit in a conventional optical imaging
system. Schematic representation. When the separation between two light sources is less
than the diﬀraction limited distance △, the combined diﬀraction pattern shows that the
two light sources are no longer clearly distinguished. According to the Abbe-Rayleigh rule,
the two light sources cannot be resolved when the central maximum of one falls inside the
location of the ﬁrst minimum of the other [94].6 1. Introduction
Figure 1.3: Numerical aperture (N.A.). Schematic representation. N.A. = nsinθ.
n is the refractive index of the medium where the lens is working and θ is the largest angle
of the diverging light beams which can be collected by the lens. The value of N.A. indicates
the ability of light harvesting/emitting by a lens [97].
1.2.2 Evanescent waves
Although the evanescent ﬁeld cannot propagate very far along the Z direction, nor can
it be detected by a conventional far-ﬁeld optical imaging system, it is still a physical ﬁeld
and exists on the structure surface in the near-ﬁeld region. Moreover, the wavenum-
ber components κx and κy, associated with propagation in the X and Y directions
respectively, can be larger than the free space wavenumber κ0 = |⃗ κ|,
κx > κ0 and/or κy > κ0 (1.5)
The corresponding wavelengths in the X and Y directions, λx and λy, are hence shorter
than the ordinary wavelength λ = 2π/κ0, i.e. ,
λx < λ and/or λy < λ (1.6)
As it is travelling on the sample surface, the evanescent ﬁeld may interact with the
existing nanostructure patterns or any object located in the near-ﬁeld region, such as
ﬁne gratings, scattering particles or other subwavelength nanostructures. Moreover, the
evanescent wave may excite surface plasmon polaritons (SPP) [98,99] − a collective os-
cillation of electrons or a plasma wave travelling on a metal surface. With the existence
of evanescent waves, subwavelength light localizations can be formed in the near-ﬁeld
region, while the conﬁned photons can tunnel out to a waveguide (ex. a ﬁbre) and be
detected. In the near-ﬁeld region, evanescent waves with high spatial ⃗ κ vectors govern
the interactions between subwavelength nanostructures. Therefore, the intensity dis-1.2. Light localization in the near ﬁeld 7
tribution of nanoscale light localizations in the near-ﬁeld region can be controlled and
manipulated by diﬀerent types of nanostructures. Research on generation or conversion
of the evanescent ﬁelds has led to many practical applications, such as high-resolution
imaging [50–52,100,101], bio-sensing [102,103], solar energy devices [104].
On the other hand, from the viewpoint of Fourier optics [105], the formation of
a nanoscale light localization conﬁned within a subwavelength-sized (≪ λ) region is
mainly composed of wave components with high spatial frequencies, such as the evanes-
cent waves. Therefore, the evanescent waves provides an opportunity to develop tech-
niques for high-resolution imaging or ﬁne nanostructure milling. Due to the fact that
evanescent waves only exist in the near-ﬁeld zone and thus subwavelength light con-
ﬁnement is always bound to the sample surface, such techniques need to be performed
in the near-ﬁeld region and carried out a very short distance from the sample surface.
1.2.3 Scanning near-ﬁeld optical microscopy (SNOM)
While there are diﬀerent interpretations of the near-ﬁeld region, in this thesis it is
deﬁned as the distance away from the sample surface less than a wavelength of incident
radiation. To understan and use the near ﬁeld well, it is important to ﬁrst realize
how theories of near-ﬁeld optics and the related techniques have been developed. Some
critical breakthroughs are summarized as follows. In 1928, E. H. Synge proposed the
original concept of scanning near-ﬁeld optical microscopy (SNOM) [1]. He suggested a
thin, opaque metallic plate with a tiny aperture of about 100 nm be placed in immediate
proximity to a sample surface. With a plane wave illuminating the plate from one side,
an illumination spot should be generated on the other side. In near-ﬁeld region, the
size of this illumination spot would be not limited by the diﬀraction of light, but the
aperture size in the metallic plate. Then the transmitted light could be collected by
a microscope and the intensity could be measured by a photoelectric cell. In order to
establish the optical image of the sample, the aperture should be moved and scanned
point by point. In this process, the spatial resolution of the established images would
be limited by the size of the aperture, instead of the wavelength λ of the incident
light beam. Synge’s idea was ﬁrst experimentally demonstrated by E. A. Ash and G.
Nicholls in 1972 [33]. They used an aperture with a diameter of 1.5 mm, illuminated
with 3 cm waves and successfully imaged subwavelength line gratings with period of8 1. Introduction
0.5 mm. Subwavelength imaging with a resolution of λ/60 was obtained and such a
result demonstrated that the Abbe’s diﬀraction limit could be broken in the microwave
region.
Later, thanks to the development of scanning probe microscopy (SPM) techniques
in 1980s [106], the distance between the scanning probe and sample could be pre-
cisely controlled. In 1984, both A. Lewis and D. W. Pohl’s groups managed to obtain
subwavelength images at optical frequencies [2,34]. They used a sharp, metal-coated
pointed tip with a subwavelength aperture and a feedback control mechanism on the
tip oscillation frequency to ﬁnely adjust the distance between the tip and sample. As
a result, the distance between the sample and the probe could be maintained within
only a few nanometres and the resolution of the subwavelength optical images could be
as small as 25 nm (λ/20).
In summary, SNOM has the following characteristics. First, a probe is placed into
the subwavelength vicinity (≪ λ) of a sample and the optical distribution can be imaged
point by point by scanning along the illuminated sample surface. Second, the spatial
resolution of such a microscope system is not diﬀraction limited and only relates to the
aperture size of the probe.
Fig. 1.4 shows the schematic representation of conventional far-ﬁeld (a) and scan-
ning near-ﬁeld (b-c) optical microscopy arrangements. The intensity distributions of
electromagnetic waves at diﬀerent cross-sections along the propagation direction are
displayed illustrating the loss of spatial resolution, which is especially pronounced for
the far-ﬁeld microscopy arrangement as shown in Fig. 1.4 (a). In contrast, in near-ﬁeld
scanning arrangements, scattered power can be detected by a probe with a subwave-
length aperture (Fig. 1.4 (b)) or a tiny scatterer (Fig. 1.4 (c)), scanning over the sample
which can produce higher resolution images.1.2. Light localization in the near ﬁeld 9
Figure 1.4: Conventional far-ﬁeld and scanning near-ﬁeld optical microscopy
arrangements. Schematic representation. (a) Conventional far-ﬁeld and (b-c) SNOM
arrangements. (a) shows the conventional imaging with an objective lens, where θ is the
maximum angle that the objective lens can accept, (b) shows the near-ﬁeld scanning appa-
ratus with a aperture scanning tip, and (c) shows the near-ﬁeld scanning arrangement with
a tiny scatterer. With a subwavelength aperture or a tiny scatterer, the image is established
point by point. In that case, the spatial resolution of the established image depends on the
size of aperture or the scatterer. Figure is re-established from Ref. [107].
Since SNOM was ﬁrst developed, substantial research has started to look into
the conﬁned photons between the scanning probe and the sample. Techniques using
diﬀerent types of scanning probes have been extended to a wide range of applica-
tions [108–116]. Fig. 1.5 shows the various conﬁgurations with each type of scanning
probes employed in SNOM. Examples include
• illumination SNOM (see Fig. 1.5 (a)): The ﬁbre probe is employed to guide
the radiation from a light source to the tip aperture that illuminates samples.10 1. Introduction
Light transmitted/reﬂected by the sample is collected by detectors [108–110].
• collection SNOM/the photon scanning tunnelling microscope (PSTM)
(see Fig. 1.5 (b)): The transmitted/reﬂected light from the sample is collected by
a pointed, apertured scanning probe [111–113].
• apertureless SNOM/the surface ﬁeld enhancement eﬀects near sharp
pointed metal-coated probes (see Fig. 1.5 (c)): The pointed end of an aper-
tureless probe is used as a tiny scatterer to scatter the transmitted/reﬂected light
from the sample to a large detector [114–116].
Figure 1.5: Diﬀerent conﬁgurations of SNOM. Schematic representation. (a)
Illumination mode of SNOM. The light beam is launched into a ﬁbre tip and illuminates
the sample as a point light source. (b) Collection mode or photon tuneling mode of SNOM.
A SNOM tip is used for collecting near-ﬁeld optical ﬁelds. (c) Apertureless mode of SNOM.
A silicon tip or a cantilever is employed for scattering near-ﬁeld optical ﬁelds. The spatial
resolution of apertureless SNOM can be down to 1 − 10 nm [116]. Figure is re-established
from Ref. [107].
By means of the interactions between evanescent waves and nano-objects in the
near-ﬁeld region, nanoscale light localizations can be produced and controlled by dif-
ferent types of nanostructures. As a result, the development of SNOM technologies not
only allows us to directly observe and understand the important optical phenomena
occurring near the illuminated surface structure on the nanoscale, but also provides a
link to the macroscopic optical behaviour in the far-ﬁeld region.1.3. Light localization with metamaterials 11
1.3 Light localization with metamaterials
1.3.1 Artiﬁcial atoms/molecules
Besides utilizing the evanescent waves to generate the subwavelength light localization
and using the near-ﬁeld scanning technique to obtain optical super-resolution images
in near-ﬁeld region, there is another approach to concentrate light beams into a small
volume and increase the spatial resolution of an optical system. By changing the size,
shape or arrangements of atoms or molecules in matter, one can tailor the behavior of
light. However, the composites and arrangements of atoms or molecules in matter have
to follow the natural rules and are very diﬃcult to change at will. Therefore, for a long
period, scientists have tried to fabricate artiﬁcial “atoms” or “molecules” with speciﬁc
arrangement in 2D or 3D in order to control electromagnetic waves [6,117–122]. For
example, in 1948, W. E. Kock made a pioneering contribution to the construction of
artiﬁcial complex materials [117]. He suggested making light-weight microwave lenses
by replacing a heavy high-permittivity refractive medium with a periodic arrangement
of conducting spheres, disks or strips. His work involved an arrangement of metallic
elements in a 3D array or lattice structure to mimic the crystalline lattices. The
constructed metallic elements of the dielectric lens eﬀectively tailored the refractive
index of the artiﬁcial media, which was regarded as a new way of producing materials.
With this method, the size of the artiﬁcial elements was on a much smaller scale than
the operating wavelength, and the tailored electromagnetic behavior resulted from the
processes occurring in the artiﬁcial elements. Since then, artiﬁcial complex materials
have become a popular research subject.
Like the development of SNOM, research on artiﬁcial complex materials also en-
countered some technical diﬃculties, one of which was that the size of artiﬁcial ele-
ments had to be smaller than the wavelength of light. Consequently, it was diﬃcult
to experimentally demonstrate and realize artiﬁcial complex materials operating in the
optical range. Fortunately, with the rapid development of fabrication techniques in
recent years, such as focused ion beam (FIB) milling [123–125], electron beam lithog-
raphy (EBL) [126,127]and self-assembly (SA) of materials [128–130], the size of the
constructed artiﬁcial elements can be down to few tens of nanometres. Such promising
techniques provide more convenience and diversity of sample design and its fabrication.12 1. Introduction
1.3.2 Negative refraction of light
Novel ideas of material synthesis and fabrication techniques have recently allowed the
size of the artiﬁcial elements to be much smaller than the wavelength of optical ra-
diation. With various designs of nanostructures and diﬀerent composite materials,
artiﬁcial electromagnetic composites can mimic known material responses or generate
new physical response functions that do not occur or may not be available in nature. In
artiﬁcial complex media, the elements in turn interact with the incident electromagnetic
waves and the alternating electromagnetic ﬁelds between each element, inﬂuencing the
macroscopic eﬀective permittivity ε and permeability µ of the composite medium. Re-
cently, the idea of complex materials with negative values of both the permittivity and
permeability at a certain frequency has aroused tremendous interest. Originating from
V. G. Veselago’s theory in 1968 [120], this idea involved the investigations of plane wave
propagation in a material whose permittivity and permeability were assumed both to
be negative. Negative ε and µ lead to a medium with negative index of refraction n
and therefore electromagnetic wave propagation will show a reversal of the Snell’s law
at the interfaces of positive and negative refractive index medium. Adopting this idea,
J. B. Pendry harboured the ambition of creating a “perfect lens”, which consisted of
a medium with negative refractive index [6]. Such a promising concept can be used in
a subwavelength optical imaging system and will be able to beat the diﬀraction limit.
Fig. 1.6 shows a schematic diagram of the comparison between a conventional mate-
rial (n > 0) and a material with negative refractive index (n = −1). As light passes
through the conventional material, all the diverging rays from a point light source obey
the Snell’s law and cannot focus again to form a focused spot. However, in the negative
refractive index media, the diverging rays will be re-directed and concentrated into a
focused spot. Particularly, the evanescent waves, which contain detailed information
from an illuminated object, can be ampliﬁed and propagated to the other side of the
negative refractive index lens [6]. Thus, in principle, the size of the focused spot can
be inﬁnitesimal and the point source can be perfectly imaged; however, the property
of negative refractive index cannot be found in any current natural materials.1.3. Light localization with metamaterials 13
Figure 1.6: Perfect imaging of a point light source by a negative refractive
index medium. Schematic representation. (a) conventional material with refractive index
n > 0; (b) A negative refractive index medium with n = −1. In a negative refractive
medium, light diverging from a point source is set in reverse and converges back to a point.
The black line shows the intensity of the evanescent wave. Figure is re-established from
Ref. [6,7]
Despite this problem, the idea of exploiting artiﬁcial complex media to achieve neg-
ative refraction of light is still fascinating, especially in terms of its ability to harvest
the evanescent waves. Therefore, several concepts based on diﬀerent types of artiﬁ-
cial negative refractive medium to achieve super-resolution images have been proposed
in recent years. In 2001, D. R. Smith et al. ﬁrst realized negative refraction in the
microwave region by using a combination of wires and split-ring resonators [122]. In
their results, electromagnetic waves could be bent to a negative angle with the sur-
face normal and propagated in the direction opposite to that predicted by Snell’s law.
Since then, such artiﬁcial media of negative refractive index, which can practically
overcome the diﬀraction limit, have been known as “superlenses”. Inspired by the ex-
perimental realization of the superlens in the microwave region, the attention of the
negative refraction research has shifted towards to the range of visible light. Many
purposely designed structures and material combinations were used to enhance the
evanescent ﬁelds to contribute to subwavelength imaging. For example, in 2005, the
ﬁrst high-resolution, sub-diﬀraction-limited image was obtained by an optical super-
lens [78], which contained a thin silver slab (35 nm). The image was recorded on a
photo-resist layer by optical lithography at the wavelength of 365 nm. A grating was
imaged with spatial resolution of around 63 ± 4 nm (∼ λ/6). A year later, a better14 1. Introduction
feature resolution of λ/20 was achieved by a SiC superlens [11], at a mid-infrared fre-
quency with phonon excitations. Although both of the silver slab and SiC superlenses
have improved the image resolution, the lenses still needed to be placed close to the
objects and the sub-diﬀraction-limited images could only be produced in the near-ﬁeld
region.
In order to obtain subwavelength images in the far ﬁeld, a silver superlens-based de-
vice, termed the “far-ﬁeld superlens” (FSL), was proposed to project a sub-diﬀraction-
limited image into far ﬁeld [12]. The FSL is constructed by adding a subwavelength
grating as a coupling element onto a silver slab superlens. With the coupling element,
the enhanced evanescent waves can be coupled into propagating waves. High-resolution
images can be reconstructed by collecting the far-ﬁeld signals from the far-ﬁeld super-
lens. Another approach to transfer evanescent waves into propagating wave is hyper-
lens [13], using a piece of artiﬁcial strongly anisotropic metamaterial to transfer the
subwavelength information into the far-ﬁeld. With the help of the hyperlens geometry,
the waves gradually reduce their wavevector values along the propagation direction in
the metamaterial, and thus the waves continue to propagate even after leaving the
hyperlens. Diﬀerent types of superlenses with artiﬁcial negative refractive medium are
summarized and shown in Fig. 1.7.
1.3.3 Metamaterials
After Pendry’s initial ground-breaking work on negative refraction of light and the
following related studies on diﬀerent types of artiﬁcial complex medium, researchers
suggested that electric and magnetic resonances could be tailored by regulating the
artiﬁcially engineered metamaterials [132–134]. Metamaterials gain unusual electro-
magnetic properties from structure rather than composition. They consist of a large
number of artiﬁcial subwavelength nanostructures in an array of subwavelength unit
cells. The size of the metamaterial unit cell is much smaller than the wavelength of
an incident light beam, and the elementary building block of a metamaterial, i.e. the
metamaterial unit cell, is called a meta-molecule. With properly designed metamater-
ials, the properties and behaviour of electromagnetic waves can be tuned as emitters,
enhancers and so on [135,136].1.3. Light localization with metamaterials 15
Figure 1.7: Diﬀerent types of superlenses with artiﬁcial negative refractive
medium and their results. Schematic representation. (a) The microwave superlens,
which is the combination of wires and split-ring resonators, ﬁrst successfully demonstrated
the negative refraction phenomena [122]. (b) The optical superlens of a thin silver slab
demonstrated sub-diﬀraction-limited imaging with resolution of λ/6 in the optical range
(λ = 365 nm) [78]. (c) The SiC superlens successfully demonstrated a deep subwavelength
resolution of λ/20 in the mid-infrared frequency range [11]. (d) The far-ﬁeld superlens
(FSL). By adding a subwavelength grating as a coupling element onto a silver slab superlens,
the evanescent waves can be transferred into propagating waves and the subwavelength
features can be reproduced in the far-ﬁeld region [12]. (e) The hyperlens. With a strongly
anisotropic metamaterial, the evanescent waves are transferred to propagating waves, which
can keep propagating even after leaving the hyperlens [13]. (f) The ﬁshnet metamaterial. A
low-loss negative refractive index medium contains 21 layers of ﬁshnet nanostructures [131].
Figures are from Ref. [11–13,78,122,131].
With the wide exploration of metamaterials in the last few years, it has been
realized that the potential of metamaterials in applications could be much broader.
Nowadays transformation optics has merged with metamaterials studies, being able to
precisely control electric and magnetic material properties [137,138]. One of the most
remarkable applications would be invisibility cloaking, which was designed by guiding
electromagnetic waves around a hidden object and has already been experimentally
demonstrated in both the microwave and optical region [139–142]. Besides invisibil-
ity cloaking, transformation optics has also been used for other optical transformation
devices, such as electromagnetic concentrators, electromagnetic ﬁeld and polarization16 1. Introduction
rotators, and electromagnetic-wave bending structures.
1.4 Light localization through optical super-oscillations
In order to obtain subwavelength light localization and optical super-resolution imag-
ing, many of the studies mentioned above depend on the exploitation or recovery of
evanescent waves, containing ﬁne details of the electromagnetic ﬁeld distribution in the
immediate proximity of the testing objects. Nevertheless, among these methods, either
the objects need to be placed in the near-ﬁeld region or the imaged patterns would
be generated very close to the sample surface. Such requirements are unfavourable to
many applications of imaging. In an attempt to overcome these restrictions, we should
consider the following issue. Is the existence of evanescent ﬁelds necessary to form
subwavelength optical concentrations or to reveal nanoscale features? More speciﬁ-
cally, is it possible to generate subwavelength light localizations or image patterns with
super-resolution far away from the sample surface? To answer these questions, we shall
start from research on signal processing and then try to ﬁnd solutions through optical
super-oscillations.
1.4.1 Optical super-oscillations
It is generally thought that a signal band-limited to the maximum frequency fmax can-
not change substantially in an interval shorter than 1/fmax. However, such a statement
is incorrect. In fact, in a local region, band-limited signals may oscillate rapidly at a
frequency arbitrarily faster than the maximum frequency that they contain. These
localized transient variations are now known as super-oscillations [9,143–145] − the
phenomenon of a function oscillating faster than its fastest Fourier component. To
show that a super-oscillating signal can be created locally, many examples of super-
oscillating functions have been identiﬁed [146–148]. For instance, a 1D function f(x)
with a limited series of harmonics, an example taken from Ref. [146], is given as follows,
f(x) =
5 ∑
n=0
an cos(2πnx). (1.7)1.4. Light localization through optical super-oscillations 17
In this 1D function f(x), there are only ﬁve frequency components, while the highest
one is fmax(x) = cos(2π × 5x). By appropriately choosing the coeﬃcients an, the
limited series of harmonics can form a super-oscillating function f(x)super−oscillating,
considering f(x) with a0 = 1, a1 = 13295000, a2 = −30802818, a3 = 26581909,
a4 = −10836909, and a5 = 1762818. This new super-oscillating function can be well
approximated by a harmonic function near x = 0.
f(x)super−oscillating ≈ 0.5(cos(2π × 43.6x) + 1) (1.8)
The 1D function f(x), a limited series of 5 frequency components with coeﬃcients an,
and its highest harmonic function fmax(x) = cos(2π×5x) are plotted in Fig. 1.8 (a) and
(b), respectively. As shown, in a range of x = [−1,1], all the signals seem to oscillate
slower than the highest frequency component fmax(x). However, in the close-up at x
close to 0 (indicated by the green square), it is observed that a super-oscillating feature
is created near x = 0 as shown in Fig. 1.8 (c). This feature oscillates nearly nine times
faster than the highest harmonic function fmax(x) and can be well approximated by a
harmonic function, as the red dotted line indicates. Thus, a super-oscillating feature
can be generated in a local area by appropriately choosing the weights of the frequency
components contained in a band-limited system.
Although the 1D function f(x) successfully demonstrates that a super-oscillating
feature can be created near x = 0, such a simple example of 1D super-oscillating func-
tion is still diﬃcult to obtain physically. First, with an increase on the oscillation
frequency of a localized super-oscillating signal, the corresponding coeﬃcients of indi-
vidual frequency components will dramatically increase. Moreover, a slight variation of
the coeﬃcients may destroy the super-oscillations or generate another super-oscillating
feature somewhere else. Thus, the super-oscillation process is delicate. However, how
to practically generate super-oscillating ﬁelds becomes an interesting issue and will be
discussed below.18 1. Introduction
Figure 1.8: Super-oscillating feature generated by a limited series of frequency
components. Calculation results. A 1D function f(x) with a limited series of harmonics,
f(x) =
5 ∑
n=0
an cos(2πnx), is plotted in plate (a) in a range of x = [−1,1], while plate (b)
shows the highest Fourier harmonic fmax(x) = cos(2π×5x). Near x=0, a super-oscillating
feature can be created and changes nearly nine times faster than the highest harmonic as
shown in plate (c).
1.4.2 Super-oscillating masks
In 2006, M. V. Berry and P. Popescu, starting from earlier works on quantum mechan-
ics, suggested that light diﬀraction on a subwavelength grating structure, producing
propagating waves that entirely exist in the optical ﬁeld, could create nanoscale light
localizations or subwavelength features at a distance far away from the grating. Thus,
such a grating produces subwavelength features without the existence of evanescent
waves [9]. They related such an eﬀect to the super-oscillations of the optical ﬁelds, the
fact that band limited functions are able to oscillate arbitrarily faster than the highest
Fourier components whose spatial frequency is 2π/λ. In fact, based on the same under-
lying physics of tailoring the interference of several coherent light sources, in 1952, G.
Toraldo Di Francia demonstrated that the size of a subwavelength light localization in
the far-ﬁeld can be modulated by a pupil design with a series of concentric ring aper-
tures [149]. By increasing the number of the constituent ring apertures and adjusting
their positions in the super-resolving pupils, a nearly dark zone surrounding the central
localized spot can be enlarged as desired. The expense is that the amplitude variations
between individual ring apertures become larger and larger, similar to the coeﬃcients
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duce the size of the central diﬀraction spot, the brightness of side rings must necessarily
increase. Such a subwavelength optical concentrator can be employed as a focusing de-
vice in a super-resolution scanning optical microscope or used as a super-resolving ﬁlter
in confocally scanned imaging systems [149–152]. In the apparatus, the testing objects
are placed several wavelengths away from the device as the schematic diagram shows
in Fig. 1.9, thus removing the main limitation of near-ﬁeld instruments.
Figure 1.9: Proposals to achieve super-resolution with optical pupils. Schematic
representations. (a) A subwavelength feature in a diﬀraction pattern can be created by ad-
justing the amplitudes and positions of ring apertures in a pupil design. By an arrangement
with ﬁeld diaphragms screening out the larger luminous rings of the diﬀraction pattern, the
retained subwavelength feature can be used as focused spot in a scanning optical system . (b)
shows the principle of confocally scanned imaging with the pupil systems. The schematic
diagrams are re-established from Ref. [149,150].
Before G. Toraldo Di Francia’s work, research on constructing antennas to beat the
wave diﬀraction limit had been contemplated by the microwave community for some
time, aiming at creating a narrow beam of electromagnetic radiation. In 1943, S. A.
Schelkunoﬀ analyzed the radiation patterns of a linear array of dipoles and proved that a
much narrower radiation pattern could be achieved by properly adjusting the individual
radiating elements [153]. Beginning from his pioneering work, researchers started to
look for the most directive current distributions on an array of antennas. But very20 1. Introduction
soon, C. J. Bouwkamp and N. G. de Bruijn proved that no such optimum distribution
exists, meaning that there was no upper limit to the gain obtained [154]. However, as
a consequence, when the sharpness of an electromagnetic radiation beam increases, the
power to the antennas also needs to be increased to maintain the signal level. Due to
its impracticality, the concept of super-directive antennas was not pursued.
However, the idea of super-oscillating ﬁelds generated by light diﬀraction on sub-
wavelength grating structures to achieve subwavelength features generated without
evanescent waves, proposed by M. V. Berry and P. Popescu, had an independent re-
vival recently in the domain of optics [8–10,146,152]. To design a subwavelength grating
structure which can be used as a “super-oscillating mask” to generate a subwavelength
light localization at distances away from the mask, F. M. Huang et al. [155] theoret-
ically demonstrated that a 1D super-oscillating mask t(x) can be designed through a
series of complicated calculations. A 1D prescribed subwavelength ﬁeld distribution
h(x) can be created when the super-oscillating mask is illuminated by a plane wave at
wavelength of λ as shown in the schematic diagram in Fig. 1.10.
Figure 1.10: A 1D super-oscillating mask t(x) can be designed to create a pre-
scribed super-oscillating ﬁeld in a limited range. Schematic diagram. As described
in the text, a 1D super-oscillating mask t(x) with complex intensity and phase proﬁle can be
designed [155]. By shining a monochromatic plane wave on the mask t(x), a subwavelength
optical localization of δx can be obtained at a distance z away from the mask.1.4. Light localization through optical super-oscillations 21
The main step in designing the 1D super-oscillating mask is to present the desired
super-oscillating feature as a series of band-limited functions which can be decomposed
into free-space plane waves of a given wavelength λ. Therefore, by using the prolate
spheroidal wave functions, a complete set of band-limited functions developed by D.
Slepian and H. O. Pollark [156], desired subwavelength features with the size of δx
located in a ﬁeld of view [−D/2,D/2] can be approximately described as shown in
Fig. 1.11 (a). Any prescribed subwavelength feature can be obtained by increasing the
number of prolate spheroidal wave functions used to approximate the ﬁeld distribution.
Then, by presenting the prolate spheroidal wave functions as a series of plane waves
and using the scalar angular spectrum description of light propagating from the mask
to the super-oscillating feature, the intensity and phase proﬁle of the required complex
mask transmission function t(x) for generating a super-oscillating feature of δx = 0.21λ
at a distance of z = 20λ can be readily derived as shown in Fig. 1.11 (b).
Figure 1.11: Normalized intensity proﬁles of prescribed subwavelength hot-
spots with the size of δx through the approximation process and the intensity
and phase proﬁle of a designed super-oscillating mask t(x) to generate a sub-
wavelength spot of δx = 0.21λ. (a) shows the normalized intensity proﬁles of prescribed
subwavelength features through approximation by a series of band-limited prolate spheroidal
wave functions with diﬀerent numbers of components N. A subwavelength hot-spot with the
width of 0.21λ as a target ﬁeld distribution can be obtained with N=26. Through complex
calculations, a super-oscillating mask t(x) can be designed whose intensity and phase proﬁle
are shown in the plate (b). The insets show the detail of kinks in the phase proﬁle as the
arrows (i) and (ii) indicate. Images are obtained from Ref. [155].
With a monochromatic wave illuminating this designed 1D super-oscillating mask,
a subwavelength focused spot with prescribed size and shape can be created beyond the
evanescent ﬁelds as shown in Fig. 1.12 (a). Thus, a 1D super-oscillating mask can be22 1. Introduction
designed through a series of complicated calculations to generate desired subwavelength
features away from the mask. Such a 1D super-oscillating mask can also be employed in
an optical apparatus to generate a subwavelength spot for the super-resolution imaging
beyond the diﬀraction limit. Moreover, from their calculation results, such a mask
may not only be used as a focusing device but also can mimic the lens functions as a
super-resolution imaging device to image two close objects as shown in Fig. 1.12 (b).
Figure 1.12: The designed super-oscillating mask can be used as a subwave-
length focusing device or a super-resolution imaging device. (a) shows that a
subwavelength focused spot can be created by the designed 1D super-oscillating mask t(x)
along the Z direction within a limited range. (b) shows that two closed objects can be
imaged and distinguished on the other side of the designed super-oscillating mask. The
super-oscillating mask can mimic the lensing function of a conventional lens with high
numerical aperture. Images are obtained from Dr. F. M. Huang’s work and Ref. [155].
However, to design such a super-oscillating mask is not easy. First, the approxima-
tion process of a prescribed subwavelength ﬁeld distribution by a series of band-limited
prolate spheroidal wave functions, as shown in Fig. 1.11 (a), requires a greater num-
ber of components, the smaller the required hot-spot. Also, the ﬁeld of view of the
subwavelength spot is limited, and sidebands will arise outside the prescribed range.
From the point of view of producing the designed subwavelength light localizations
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interference of waves, the prescribed focused hot-spot can be created only by precisely
controlling the amplitude and the phase on each pixel of the complex super-oscillating
mask.
So how can we create a super-oscillating mask without sophisticated design or pre-
cise control? Inspired by the simple example of 1D function f(x) and the suggestions
from Berry et al. , an intuitive and direct way is adopted to extend the 1D subwave-
length grating structure to a 2D nanohole array, making it a super-oscillating binary
mask capable to generating a subwavelength energy hot-spot beyond the near ﬁeld as
shown in the schematic diagram in Fig. 1.13. Through appropriate arrangements of
the constituent nanoholes on a metal screen, a super-oscillating ﬁeld may be created at
a long distance from the nanohole array binary mask.
Figure 1.13: Schematic conﬁguration of a super-oscillating binary mask. (a)
The physical interpretation of a 1D super-oscillating function with a limited series of har-
monics. To generate a super-oscillating feature, the constituent Fourier components can be
realised as optical scatterers, microwave emitters or light diﬀracted on the nanohole array
in a real physical system. (b) An idea to extend the 1D grating to a 2D binary masks with
nanoholes. By properly choosing the positions of nanoholes, super-oscillating hot-spots can
be generated by using the super-oscillating binary mask.
However, how to arrange the numerous nanoholes to construct super-oscillating
ﬁelds is still a problem to be resolved. Fortunately, in 2007, F. M. Huang, et al. suc-24 1. Introduction
cessfully demonstrated in experiments that an array of nanoholes with quasi-periodic
arrangements could be used as a super-oscillating binary mask to generate subwave-
length focused spots as shown in the SNOM scanning results in Fig. 1.14 (a) [10,146].
In their studies, subwavelength energy hot-spots were obtained by illuminating a 5-fold
symmetry quasi-periodic nanohole array. Moreover, the focal plane of such focused
spots was tens of wavelengths away from sample surface and the focused spots were
separated a few micrometres from each other. This breakthrough not only veriﬁes the
theory of optical super-oscillations but also provides relatively simple solutions to the
design of super-oscillating masks. Through diﬀerently designed nanohole arrays, the
size and position of the subwavelength light localization can be controlled. Meanwhile,
F. M. Huang et al. also found that such super-oscillating masks with nanoholes in
quasi-periodic arrangements could be used as a high N.A. lens to image complex struc-
tures which are composed of multiple point sources [157]. Fig. 1.14 (b) shows calculation
results resolving multiple point light sources by using the quasi-periodic nanohole array
as a lens. Such results show that the nanohole arrays have great application potential,
such as focusing a light beam into a small spot or mimicking the imaging function of a
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Figure 1.14: Quasi-periodic nanohole arrays can be used as subwavelength
light focusing device and mimic the imaging functions of a high N.A. lens. (a)
Field maps at diﬀerent distances Z above a 5-fold symmetry quasi-periodic nanohole array.
The illumination wavelength of a monochromatic plane wave is λ = 500 nm. Note that
highly isolated energy hot-spots can be observed at Z = 16 m. (b) Calculation results.
Quasi-periodic nanohole arrays can be used as a lens to image multiple coherent (i) and
incoherent (ii) point light sources of λ = 660 nm. The red spots indicate the positions of
the point light sources. As with a conventional lens, the resolving power of a nanohole
array lens is better for incoherent illumination. Images are obtained from Ref. [10,157].
1.5 Thesis Overview
As shown in the literature review and discussions above, creating light localizations with
a subwavelength scale in an optical system is a way to image and acquire optical super-
resolution images beyond the diﬀraction limit. The size of the localized optical spots
represents the light concentration ability of an optical system and thus the smallest
resolving distance between two close objects. In general, light localization is essentially
the focusing ability, while imaging is where the objects can be actually imaged. Regard-
ing the diﬀerent optical imaging methods, as long as one can construct an optical image,
showing ﬁne detail and the diﬀerence between target objects, the approach can be re-
garded as a super-resolution technique and practically employed to image objects with
nanoscale separations or biological specimens. In some of these practical approaches,
the spatial discrimination between the target objects can be much smaller than the size
of the localized optical spot obtained in the optical systems [43,44,158–160]. Several
optical super-resolution techniques and their methods are summarized below.26 1. Introduction
• Recovery or conversion of an evanescent wave: scanning near-ﬁeld optical
microscopy (SNOM) [1,2,32–34,40,41,106], total internal reﬂection ﬂuorescence
microscopy (TIRFM) [100,101], etc.
• Negative refraction index with a metamaterial: Pendry’s perfect lens [6,
120], superlens [11,12,78], hyperlens [7,13], etc.
• Interference of surface plasmons: surface plasmon microscopy [50,51], plas-
monic structured illumination microscopy (PSIM) [52], etc.
• Functional super-resolution techniques with special strategies: stim-
ulated emission depletion microscopy (STED) [3, 53–57], reversible saturated
optical ﬂuorescence transitions (RESOLFT) [4,59,60], photo-activated localiza-
tion microscopy (PLAM) [58,61–63], stochastic optical reconstruction microscopy
(STORM) [64,65], ground state depletion (GSD) [5,66,67], etc.
Moreover, optical images with subwavelength discrimination can also be acquired by
other approaches such as multiple colour [161–163], structured illumination [164–166],
four-wave mixing [70,71], two-photon luminescense (TPL) [72,73], second harmonic
generation (SHG) [74,75] or saturated structured illumination [76,77], etc. Fig. 1.15
shows a measure of the resolving ability, the full width of the smallest spot at its half
maximum (FWHM), between diﬀerent optical super-resolution techniques.1.5. Thesis Overview 27
Figure 1.15: Comparison of resolving ability between diﬀerent optical super-
resolution techniques. A schematic representation of the smallest spot size which can be
resolved by diﬀerent optical super-resolution techniques, while the dashed black line indicates
the spot size (FWHM) which can be obtained for a conventional lens at λ = 488 nm and
N.A.=0.85.
Generally, for a given wavelength, a decrease in focal spot size is accompanied by a
decrease of the optical energy in the subwavelength spot and an increase in sideband
intensity. For a practical super-resolution instrument, the trade-oﬀ between spot size,
spot energy and sideband intensities must be optimised for a particular application.
Therefore, the imaging performance of an optical super-resolution technique should
be characterized by both the value of spot size and the Strehl ratio S. Strehl ratio
S is deﬁned as the ratio between the observed peak intensity from a point source at
the detection plane and the theoretical peak intensity of the Airy pattern in a perfect
imaging system [151,167,168]. For a given resolution, the best performance will be
achieved when the Strehl ratio is maximized. The maximum Strehl ratio which can
be obtained by the Solid Immersion Lens (SIL) technique is around S = 0.5 with
the focused spot size slightly smaller than the diﬀraction-limited spot [169–173]. The
focused spot size can also be slightly squeezed beyond the diﬀraction limit by using
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pupil ﬁlter system is between 0.1 and 0.4, depending on spot size [174–178].
In a confocal laser scanning microscope (CLSM) system, the Strehl ratio is around
0.6 and the spatial resolution is around 200 nm [47,179–182]. This low eﬃciency in the
confocal laser scanning system is because only the signal produced very close to the
focal plane can be detected. Most of the energy (out-of-focus signal) is eliminated by a
pinhole in front of a detector. In the functional super-resolution techniques, since the
resolution is quite high, the aberration of lenses becomes an important factor aﬀecting
the Strehl ratio and the corresponding spot size in the system [183]. For example, with
aberrations in a stimulated emission depletion microscopy (STED) system, the value of
the Strehl ratio is around 0.724 and the corresponding spot size is around 87.1 nm. In
aberration-free conditions, the size of the focused spot is 75.7 nm, a decrease of 15%.
STED requires a high-intensity excitation pulse for the excitation of ﬂuorophores and
a stimulated emission depletion pulse for the de-excitation of ﬂuorophores. Similar to
a confocal laser scanning system, only ﬂuorescent light originating from the sponta-
neous decay of the ﬂuorophores remaining in their excited state can be detected. In
the stochastic optical reconstruction microscope (STORM) system, by sequentially ac-
tivating and deactivating the numerous ﬂuorophores, the position of each ﬂuorophore
can be determined with high precision. Much of the energy is wasted in both methods.
Although the spatial resolution is high in the near-ﬁeld optical scanning technique, the
resolving power is dependent on the aperture size of the scanning ﬁbre tip. Therefore,
to achieve high spatial resolution, only few photons can pass through the subwave-
length aperture and be detected by a sensitive photo multiplier (PMT). In the view of
the above, the balance between the spot size and the eﬃciency of an imaging system
is an important factor in the development of all optical super-resolution techniques.
Although light localization on a subwavelength scale is not the only way to achieve
the optical super-resolution in a microscope system, the new scheme for generating
nanoscale light localizations is still interesting and therefore an interesting challenge.
This thesis will explore light localization by manipulating the characteristics of light and
using various kinds of nanostructures, aiming to develop new schemes which can be ap-
plied to imaging instruments with nanoscale resolution, ultra-high density data storage
or bio-sensing devices, etc. Topics will range from tailoring nanoscale light localiza-
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nanohole array. Theoretical analysis and experimental results will be presented, with
the structure organized as follows.
In Chapter 2, it is reported how a metamaterial can be used as a controllable
template for nanoscale light localization. Through numerical simulations and analyti-
cal calculations, the plasmonic resonant response will be investigated in detail.
In Chapter 3, an integration of a SNOM and a spatial light modulator (SLM) will
be proposed to ﬁre a single meta-molecule in a metamaterial system and to generate a
single subwavelength hot-spot by modulating the light beam on a much larger scale. In
this approach, the strong optically induced interactions between meta-molecules and
coherent light beam with a spatially tailored phase proﬁle will be used to generate
isolated nanoscale energy hot-spots. With a simple adjustment of the phase proﬁle, the
energy hot-spot can be moved at will.
In Chapter 4, following a successful experimental demonstration through a super-
oscillating binary mask with a 5-fold symmetry quasi-periodic nanohole array, a series
of further investigations on diﬀerent types of super-oscillating binary masks will be
included. A well-isolated focused spot will be created by using a high-radial symmetry
quasi-periodic nanohole array.
Chapter 5 will discuss the lensing function of diﬀerent types of quasi-periodic
nanohole arrays: (1) one-to-one imaging of a point light source and (2) a linear dis-
placement of an imaged spot accompanied with a linear movement of a point light
source. Through the imaging of complex conﬁgurations, the imaging resolutions of a
nanohole array lens will be shown to be comparable to those of high numerical aperture
lenses.
Finally, Chapter 6 will summarize all of the research results contributing to this
thesis, and then will provide an outlook suggesting possible applications based on pri-
mary ﬁndings.2
Metamaterial as a controllable template for nanoscale light
localization
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2.1 Synopsis
In this chapter, a planar metamaterial with ﬁsh-scale nanostructures will be used as a
new controllable template for nanoscale light localizations. With this double-periodic
nanowire metamaterial, the subwavelength light localizations on the metamaterial land-
scape can be eﬃciently controlled by the polarizations and wavelengths of incident
radiation.
To understand the resonant electromagnetic properties of ﬁsh-scale metamaterials,
a brief introduction about unusual electromagnetic properties of the ﬁsh-scale meta-
materials will be given in Section 2.2. In Section 2.3, a detailed description of the ex-
perimental arrangement, including a scanning near-ﬁeld optical microscope (SNOM),
and the geometry of ﬁsh-scale metamaterials will be provided. Then, Section 2.4 will
summarize the experimental results of far-ﬁeld spectroscopic measurements and near-
ﬁeld intensity mappings, while Section 2.5 will include theoretical investigations and
comparisons to the experimental measurements. Finally, in Section 2.6, the array’s
resonant features in transmission and their dependence on the characteristic dimen-
sions of the ﬁsh-scale pattern will be discussed, followed by conclusions of the chapter
presented in Section 2.7.
2.2 Electromagnetic properties of ﬁsh-scale metamater-
ials
As described in Section 1.3, metamaterials constructed from artiﬁcial meta-molecules
exhibit unusual electromagnetic properties that may not be found in nature, such as
extraordinary optical transmission (EOT) through subwavelength nanohole arrays [184,
185], negative refraction of light in a medium whose eﬀective permittivity ε and per-
meability µ are both negative [6,186,187], and invisibility over a narrow bandwidth of
incident electromagnetic waves with gradient-index materials [139–142]. Usually, meta-
materials gain their particular far-ﬁeld electromagnetic properties from the nanoscale
interactions between meta-molecules and the plasmonic responses of the composite
nanostructures, which are mainly inﬂuenced by the structure or arrangement of the
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inhomogeneities or asymmetric structural changes on a subwavelength scale, eﬀective
macroscopic behaviours of electromagnetic waves can be created or controlled. The
ability to manipulate electromagnetic properties allows metamaterials to have diverse
potential applications, including super-resolution imaging apparatus, bio-sensing detec-
tors, solar energy devices, high-gain and high-frequency antennas for communications,
ultra-high density data storage, invisible shielding, and on-chip optical interconnects
for future exascale computing systems, etc.
What is more, metamaterial nanostructures can be used as a controllable template
for nanostructured optical ﬁeld localizations. To illustrate this idea, a double-periodic
subwavelength nanowire structure, a ﬁsh-scale pattern, will be used as an example for
tailoring nanoscale light localizations [30]. Such a metamaterial with ﬁsh-scale nano-
structures manifests rich resonant electromagnetic properties [188–190]. For example,
when mounted on a metal backing plate, the ﬁsh-scale metamaterial acts as a “mag-
netic mirror” that reverses the magnetic ﬁeld of the incident wave upon reﬂection rather
than the electric ﬁeld as a conventional mirror (see Fig. 2.1(a)) [188,189]. Therefore,
the magnetic ﬁeld is cancelled in the plane of the magnetic mirror, which makes the
magnetic mirror with ﬁsh-scale metamaterials act as a superconductor at optical fre-
quency [189]. In other words, such a nanostructure can act as a local ﬁeld concentrator
and a resonant ampliﬁer of losses in the underlying dielectric [188]. Furthermore, tilted
ﬁsh-scale patterns that lack a plane of symmetry belong to the category of planar chiral
nanostructures and show asymmetric transmission of light in opposite directions. This
eﬀect is diﬀerent from the conventional gyrotropy of bulk chiral media and the Faraday
Eﬀect for its co-rotating elliptical polarization eigen-states [190,191].34 2. Metamaterial as a controllable template for nanoscale light localization
Figure 2.1: Electromagnetic properties of ﬁsh-scale metamaterials. (a) Mag-
netic mirror with ﬁsh-scale metamaterials. Schematic diagram. Unlike a conventional
mirror, the magnetic ﬁelds change upon reﬂection from a magnetic mirror and are can-
celled in the plane of the mirror [189]. (b) Asymmetric transmission of light in opposite
directions. Illustration of transmission and polarization conversion of circularly polarized
light by a planar ﬁsh-scale metamaterial. The ﬁsh-scale metamaterials also support the
enantiomerically sensitive plasmon excitations. Figures are from ref. [190].
2.3 Experimental conﬁguration
A ﬁsh-scale metamaterial array is used as an example of a controllable template for
nanoscale energy hot-spots and plasmonic excitations in the immediate proximity of
the metamaterial landscape is mapped by a SNOM with nanoscale spatial resolution.
A schematic diagram of the experimental conﬁguration and nanostructure of the ﬁsh-
scale metamaterial samples are shown in Fig. 2.2 (a) and (b), respectively. For near-
ﬁeld mapping, a SNOM (Omicron Co., Twin-SNOM) is used and operated in collec-
tion mode, employing polarization-insensitive metal-coated SNOM tapered ﬁber probes
(Jasco Inc.) with a 60 nm aperture. The SNOM scanning probe module is operated in
the shear-force mode, while the distance between the tip and the sample is controlled
by a feedback mechanism on the phase diﬀerence of the oscillating tip. By ﬁxing a
SNOM probe and linearly shifting the sample piezo stage (PI Co.), the transmitted2.3. Experimental conﬁguration 35
light is collected point by point to construct a near-ﬁeld optical image. The pixel reso-
lution of the constructed optical images is determined by the size of scanning area and
the number of scanned points. To study the ﬁeld distributions at diﬀerent excitation
wavelengths and polarization states, the samples are illuminated with a supercontinuum
laser source (Fianium Co., SC450-2) through bandpass spectral ﬁlters with a bandwidth
of 40 nm and a linear polarizer (used for determining the polarization direction). Also,
the experiment is complemented by normal incidence far-ﬁeld transmission measure-
ments between 500 nm and 1900 nm using a microspectrophotometer (CRAIC Tech.,
QDI 2010). These spectral results can help us to understand the resonant features of
the ﬁsh-scale metamaterial array and to choose the excitation wavelengths at which to
examine the ﬁeld distributions on the metamaterial landscape.
The ﬁsh-scale metamaterials were fabricated by Dr. Y. Chen at Rutherford Apple-
ton Laboratory in the U.K. Aluminium nanowires of approximately 50 nm thickness and
50 nm width were fabricated using electron-beam lithography (EBL) on a 500 m thick
transparent silica substrate. The metamaterial samples consisted of double-periodic
round ﬁsh-scale patterns with 440 ×440 nm2 unit cells as shown in the schematic di-
agram in Fig. 2.2 (b). The total length S of the aluminium nanowire in a ﬁsh-scale
meta-molecule unit cell was around 850 nm and the minimum gap between neighbor-
ing strips was 170 nm. The overall ﬁsh-scale metamaterial structure contained about
1.2 × 106 ﬁsh-scale meta-molecules and had lateral dimensions of 500 ×500 m2.36 2. Metamaterial as a controllable template for nanoscale light localization
Figure 2.2: Mapping near-ﬁeld light localizations on the landscape of double-
periodic nanowire arrays. Schematic diagram of experimental conﬁguration. (a) With
monochromatic plane wave illumination on a double-periodic nanowire array, the near-
ﬁeld intensity distributions in the immediate proximity of the metamaterial landscape are
directly measured by using a SNOM. The X- and Y -axis indicate the polarization directions
of the incident light beam. Plate (b) schematically shows the conﬁguration of an aluminium
ﬁsh-scale meta-molecule. The aluminium nanowires are etched on a silica substrate with
a 440 ×440 nm2 unit cell and the total length of the nanowire S in a unit cell is around
850 nm.
2.4 Experimental results
2.4.1 Far-ﬁeld optical transmission spectra of ﬁsh-scale metamaterials
Fig. 2.3 shows the measured geometry of the fabricated ﬁsh-scale metamaterial and
the far-ﬁeld optical transmission spectra of the metamaterial array at X (red) and Y
(blue) polarizations. Fig. 2.3 (a) is a fragment of the scanning electron microscope
(SEM) image of the ﬁsh-scale nanostructure, and Fig. 2.3 (b) is one of the sample
topographies taken simultaneously with the near-ﬁeld optical measurements. It is found
that the topographic images correspond to the SEM image of a fabricated sample and
are repeatable during each near-ﬁeld optical measurement, suggesting that the dramatic
diﬀerence of the ﬁeld maps is not due to topography-related artifacts [192,193] but a
genuine manifestation of the intrinsic diﬀerence in the interaction of the nanostructures
with light at diﬀerent excitation wavelengths and polarizations. The X- and Y -axis
indicate the polarization direction of the incident light beam.
The choice of wavelengths used for ﬁeld mapping is explained in Fig. 2.3 (c), which
shows the experimental transmission spectra of the fabricated sample for X-(red) and2.4. Experimental results 37
Y -(blue) polarized light. It can be seen that the X-polarized spectrum (red) shows a
resonant dip in transmission at around 700 nm, while the resonant frequency of around
1.15 m at Y -polarization is linked to the known dipole excitation [188, 189]. The
wavelengths used for SNOM mapping, indicated by the green dashed lines, are selected
on the two wings of the transmission dip (550 nm and 850 nm) and close to its center
(660 nm) in X-polarization.
Figure 2.3: Measured geometry of the double-periodic nanowire arrays and
the far-ﬁeld optical transmission spectra at X and Y polarizations. (a) shows the
SEM image of the ﬁsh-scale nanostructure. (b) The sample topography taken simultaneously
with the near-ﬁeld optical measurements shows correspondence to ﬁgure (a). (c) Far-ﬁeld
optical transmission spectra of the double-periodic nanowire arrays. A resonant dip in
transmission is at around 700 nm at x-polarization, while the resonant frequency is around
1.15 m at y-polarization. The green dashed lines indicate the wavelengths used for SNOM
mapping of 550 nm, 660 nm, and 850 nm.
2.4.2 Near-ﬁeld optical mapping on the ﬁsh-scale metamaterial land-
scape
Near-ﬁeld mapping results for two orthogonal polarizations along and perpendicular to
the nanowire meander and for three characteristic wavelengths are shown in Fig. 2.4.
The green dashed ﬁsh-scale patterns indicate the corresponding locations of the ﬁsh-
scale meta-molecules, which are taken from the simultaneous topographic measure-
ments as shown in Fig. 2.3 (b). The dimension of the schematic green ﬁsh-scale pattern
is close to the structural design as shown in Fig. 2.2 (b).38 2. Metamaterial as a controllable template for nanoscale light localization
From Fig. 2.4, it can be clearly observed that nanoscale optical ﬁelds are able to
be controlled by the wavelengths and polarizations of the incident light. For instance,
X-polarized excitation appears to create subwavelength energy hot-spots with periodic
ﬁeld distributions. With a change of excitation wavelength from 550 nm to 660 nm, the
hot-spot patterns are dramatically altered as Fig. 2.4 (a) and (b) indicate. A double
periodic arrangement of deeply subwavelength hot-spots (125 nm, 0.23 λ) located at
the vertical sections of the meander pattern at wavelength of 550 nm becomes a single
periodic chess-board pattern of bigger hot-spots (175 nm, 0.27 λ) at 660 nm, occurring
at the peaks and valleys of the meander. At the wavelength of 850 nm, though the
size of the energy hot-spots can be as small as 130 nm (0.16 λ), the hot-spots pattern
becomes blurred and ill-deﬁned on the metamaterial landscape as Fig. 2.4 (c) shows.
It can be found that the period and the locations of these subwavelength energy hot-
spots correspond to the unit cell size and the positions of the ﬁsh-scale meta-molecules.
Therefore, the maximum separation between the hot-spots on the ﬁsh-scale metamater-
ial landscape is the size of the unit cell, 440 nm. Regarding the Y -polarization, Fig. 2.4
(d) to (f) show that the hot-spots appear to be located between the meander rows at
the wavelength of 550 nm, move to the areas between vertical sections of the meander
design at 660 nm, and become a continuous strip pattern of ill-deﬁned spots attached
to the vertical sections of the meander at 850 nm. Such results show that the locations
of the hot-spots show a high correlation with the nanostructure, the unit cell size, and
the dipole absorption resonance of the ﬁsh-scale metamaterial.2.5. Theoretical investigations 39
Figure 2.4: SNOM mapping of a double-periodic nanowire array (ﬁsh-scale
pattern) at diﬀerent wavelengths and polarizations. The ﬁrst and second rows show
the near-ﬁeld intensity maps for excitation polarized along (X) and perpendicular (Y ) to the
nanowire meander, respectively. Columns correspond to measurements at 550 nm, 660 nm,
and 850 nm (from left to right). The bottom row shows ﬁeld intensity proﬁles at the position
indicated in the x-polarization maps. All maps are 1.32 ×1.32 m2. The green dashed ﬁsh-
scale patterns indicate the corresponding locations of the ﬁsh-scale meta-molecules, which
are taken from the simultaneous topographic measurements.
2.5 Theoretical investigations
To understand the origin of the plasmonic ﬁeld variations and the metamaterial array’s
resonant features, theoretical simulations of the far-ﬁeld optical transmission spectra
and the near-ﬁeld distributions on the landscape of ﬁsh-scale metamaterials are con-
ducted by using a 3D Maxwell solver (COMSOL). The comparisons between the simu-
lation results and the experimental measurements will be analyzed and discussed below.40 2. Metamaterial as a controllable template for nanoscale light localization
2.5.1 Far-ﬁeld optical transmission spectra of ﬁsh-scale metamaterials
The COMSOL model for the calculating the far-ﬁeld optical spectra of a ﬁsh-scale
metamaterial array and the near-ﬁeld intensity distributions on the landscape of ﬁsh-
scale nanostructures are shown in Fig. 2.5. The ﬁsh-scale nanostructure within an unit
cell of 440 ×440 nm2 is placed on a semi-inﬁnite silica substrate with a refractive index
of 1.515, while incident illumination is from the bottom as in the experiments. The X
and Y axes indicate the polarization directions of an incident light beam. The realistic
material parameters and Joule loss factors of the aluminum nanowires are obtained from
a well-established data of the dielectric parameters of the metal [194] as a function of
excitation wavelength. In this numerical model, two perfectly matched layers (PML)
are set to be at the top and the bottom domain to reduce interference eﬀects in the
numerical modeling. The boundaries in the X and Y directions are set to periodic
boundary conditions, simulating an inﬁnite ﬁsh-scale metamaterial array. Regarding
the geometric structure of the ﬁsh-scale meta-molecules, a ﬁsh-scale nanostructure with
the same structural design as the fabricated sample described in Fig. 2.2 (b) is used
and two parameters which may change as a result of the fabrication processes are also
varied in the simulations. One is the thickness t of the aluminium nanowires, while the
other is the length l between the upper and the lower semicircles. The outer and inner
radius of the semicircle are R = 135 nm and r = 85 nm (see Fig. 2.5), respectively.
Thus, the width of the aluminium nanowires is ﬁxed at 50 nm.
By integrating the power ﬂow on the two integration planes, P1 and P2, with and
without the existence of the metamaterial, simulated far-ﬁeld optical transmission T,
reﬂection R and absorption A spectra can be obtained through the following calcula-
tions.
T = |⃗ P1, meta|/⃗ P1, air (2.1)
R = (|⃗ P2, air| − |⃗ P2, meta|)/|⃗ P2, air| (2.2)
A = 1 − T − R (2.3)
Simulated far-ﬁeld optical transmission spectra of the aluminium ﬁsh-scale metama-
terials with diﬀerent geometric parameters are compared to the experimental measure-
ments below.2.5. Theoretical investigations 41
Figure 2.5: A model established in the COMSOL numerical simulations. To
acquire the simulated far-ﬁeld optical spectra of a ﬁsh-scale metamaterial array and the
near-ﬁeld intensity distributions on the landscape of nanostructures, a model with a ﬁsh-
scale nanostructure in an unit cell of 440 ×440 nm2 is shown in the schematic diagram.
Two PMLs are set to be at the top and the bottom domain for absorbing the outgoing waves.
The boundaries in the X and Y directions are set to periodic boundary conditions, making
the simulation results equal to the simulations of an inﬁnite metamaterial array. The pat-
tern of the ﬁsh-scale nanostructure is shown in the inset of the diagram and two geometric
parameters of the nanostructure are varied in the numerical simulations: the thickness t of
the aluminium nanowires and the length l between the upper and lower semicircles.
Fig. 2.6 (a) and (b) show the comparisons between the experimental measurements
of the fabricated sample and the simulated far-ﬁeld optical transmission spectra of ﬁsh-
scale metamaterials with diﬀerent thickness t and lengths l with X- and Y -polarized
excitation, respectively. In the geometric design which is the same as the fabricated42 2. Metamaterial as a controllable template for nanoscale light localization
metamaterial sample (described in Fig. 2.2 (b)), the thickness of constituent nanowires
is 50 nm and the length l between the top and bottom semicircles is 80 nm. The
simulated far-ﬁeld optical transmission spectra of such ﬁsh-scale nanostructures with
X- and Y -polarized excitation are shown in Fig. 2.6 (a) and (b) by red lines. Both
of the simulated optical transmission spectra display a qualitative agreement with the
experimental spectra measurements (black dashed lines). The simulated spectrum with
X polarization shows a narrow resonant dip in transmission at around 620 nm, while
the experimental transmission spectrum shows the resonance at 700 nm. Also, with
Y polarization, broad resonances occur at around 1 m and 1.15 m in the spectral
simulations and experimental measurements, respectively.
These diﬀerences in the resonant frequencies may come from slight geometric changes
in the fabrication process. Therefore, to match the experimental spectral measure-
ments, the thickness t of the aluminium nanowires and the length l between the upper
and lower semicircles are considered as possible structural changes and are varied in a
series of simulations. As the gray lines show in Fig. 2.6 (a) and (b), a ﬁsh-scale metama-
terial with a thickness of t = 30 nm shows resonances at 650 nm and 1.05 m under X
and Y polarization, respectively. In both the polarization directions, the resonances of
the ﬁsh-scale metamaterials with smaller thickness are moved to longer resonant wave-
lengths. Moreover, by increasing the length l between the upper and lower semicircles
to 150 nm, the resonances under the two orthogonal polarized excitations are matched
well to the experimental spectra as the blue lines indicate in Fig. 2.6 (a) and (b), show-
ing a narrow resonant dip in X polarization at around 690 nm, while a broad resonance
in Y polarization is at 1.05 m. The resonant features of a ﬁsh-scale nanowire array
can be interpreted as described in Sec. 2.6.
From the simulated far-ﬁeld spectra results, it is found that the structural changes of
the ﬁsh-scale meta-molecules may cause a resonant frequency shift under both X and Y
polarizations. With a length (l = 150 nm) between the upper and lower semicircles, the
simulated resonant frequencies correspond to those in the experimental spectra. Such
a length is nearly double the original structural design; however, such a large change is
not seen in the SEM image and topographic measurements shown in Fig. 2.3 (a) and
(b). A small diﬀerence from the original structural design is possible and it may come
from the fabrication process. Another factor which might aﬀect the resonant frequency2.5. Theoretical investigations 43
of the ﬁsh-scale metamaterials is dielectric parameters of the aluminium nanowires used
in the simulations. However, diﬀerent aluminium material parameters were not tested
in my simulations.
Figure 2.6: Comparison of far-ﬁeld optical transmission spectra of the alu-
minium ﬁsh-scale metamaterials at diﬀerent polarization directions. Plates (a)
and (b) display the comparison between the experimental spectra measurements (dashed
black lines) of the fabricated ﬁsh-scale metamaterial sample and the simulated far-ﬁeld op-
tical transmission spectra of ﬁsh-scale nanostructures with diﬀerent thickness t and lengths
l at the X and Y polarizations, respectively. In this ﬁgure, the red lines represent the sim-
ulated far-ﬁeld optical transmission spectra of a ﬁsh-scale metamaterial whose thickness t
of nanowires and the length l between the upper and bottom semicircles are same as the
fabricated ﬁsh-scale metamaterial sample (t = 50 nm; l = 80 nm). Gray lines indicate the
simulated transmission spectra of the ﬁsh-scale nanostructures with a thinner thickness of
30 nm, while the blue lines display the simulation results as the ﬁsh-scale nanostructure
with a longer length l of 150 nm.44 2. Metamaterial as a controllable template for nanoscale light localization
Besides the diﬀerent resonant wavelengths, the diﬀerent resonant depths shown in
the comparisons of far-ﬁeld optical transmission spectra may result from the defects
in the fabricated samples, which make meta-molecules not identical to each other,
causing a lower depth at the resonant dip [195]. Similarly, in the simulations, the
another factor that inﬂuences the depth of the resonant dip is the dissipative parameter
of the silica substrate. As the simulated transmission spectra show in Fig. 2.7, a
broader resonance with a lower resonant depth will be obtained with an increase of the
dissipative parameter ε′′. These results were obtained from Dr. Zengbo Wang, who
now is in the School of Electronic Engineering in Bangor University, U.K.
Figure 2.7: Simulated far-ﬁeld optical transmission spectra of ﬁsh-scale meta-
materials with diﬀerent dissipative parameters of the underlying silica sub-
strate. Simulation results were obtained from Dr. Zengbo Wang, who now is in the School
of Electronic Engineering in the Bangor University, U.K. The ﬁsh-scale metamaterial in
the simulations has the same structural design as the fabricated metamaterial sample (unit
cell: 440 ×440 nm2, length l = 80 nm and thickness t = 50 nm) with diﬀerent dissipative
parameter ε′′ of the silica substrate. As shown, a broader resonance with a lower resonant
depth will be obtained by increasing the dissipative parameter.2.5. Theoretical investigations 45
2.5.2 Near-ﬁeld optical mapping on the ﬁsh-scale metamaterial land-
scape
By using the COMSOL 3D Maxwell equations solver, theoretical near-ﬁeld optical ﬁeld
maps with diﬀerent characteristic wavelengths and polarization directions can also be
acquired. For comparison with the experimental SNOM mappings shown in Fig. 2.8
(a) under X-polarized excitation, Fig. 2.8 (b) shows the simulated plasmonic ﬁeld
distributions in the immediate proximity of the ﬁsh-scale nanostructure with the same
structural design as the fabricated metamaterial sample. The excitation wavelengths
employed in plate (i) to (iii) in (b) are 500 nm, 620 nm and 800 nm, respectively.
The choice of these excitation wavelengths corresponds to the resonant dip, (red line
in Fig. 3.6 (a)) which occurred at λ = 620 nm in the simulated optical transmission
spectrum and two other wavelengths that are below (500 nm) and above (800 nm) the
resonance. Here the simulation maps show the intensity distributions in the near-
ﬁeld region, selected as 10 nm above the surface of the ﬁsh-scale metamaterials. The
variation of ﬁeld distributions is similar to the pattern transition in the experimental
results. However, such results still do not quite correspond to the experimental near-
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Figure 2.8: Comparisons of the plasmonic ﬁeld distributions on the ﬁsh-scale
nanowires array landscape: X polarization. (a) SNOM maps. Plates (i) to (iii) in
(a) show the near-ﬁeld maps at wavelengths of 550 nm, 660 nm and 850 nm, respectively.
(b) and (c) are the simulated ﬁeld distributions. The ﬁsh-scale nanostructure in (b) is the
same as the fabricated ﬁsh-scale metamaterial sample and the excitation wavelengths are
500 nm, 620 nm and 800 nm. The ﬁsh-scale meta-molecules in (c) have a longer length
l = 150 nm in the nanostructure and the excitation wavelengths are the same as employed
in the experiments. All maps have a size of 1.32 ×1.32 m2.
To match the experimental optical near-ﬁeld maps, a series of simulations with
varying structural parameters of the ﬁsh-scale meta-molecules has been conducted.
According to the far-ﬁeld optical transmission spectra of ﬁsh-scale metamaterials as2.5. Theoretical investigations 47
shown in Fig. 2.6, the ﬁsh-scale meta-molecules with an increased length l = 150 nm has
approximately the same resonances as the fabricated ﬁsh-scale metamaterial sample.
Thus, such a ﬁsh-scale nanostructure with an increased length is simulated to examine
the ﬁeld distributions on the landscape of the metamaterial array. With the same
excitation wavelengths and under X polarization, plates (i) to (iii) in Fig. 2.8 (c) show
the intensity distributions on the surface of the ﬁsh-scale meta-molecules array at the
wavelength of 550 nm, 660 nm and 850 nm, respectively. As shown, at a wavelength
of 550 nm, the optical energy is concentrated as a pair of energy hot-spots on the two
sides of ﬁsh-scale meta-molecules, while at λ = 660 nm, the energy hot-spots occur at
the peaks and valleys of the meander and are attached to the vertical sections of the
meander at the excitation wavelength of 850 nm. Such simulated intensity distributions
are similar to the experimental mappings and a similar pattern transition across the
resonant frequency is observed here.48 2. Metamaterial as a controllable template for nanoscale light localization
Figure 2.9: Comparisons of the plasmonic ﬁeld distributions on the ﬁsh-scale
nanowires array landscape: Y polarization. (a) SNOM maps. Plates (i) to (iii) in
(a) show the near-ﬁeld maps at wavelengths of 550 nm, 660 nm and 850 nm, respectively.
(b) and (c) are the simulated ﬁeld distributions. The ﬁsh-scale nanostructure in (b) is the
same as the fabricated ﬁsh-scale metamaterial sample and the excitation wavelengths are
500 nm, 620 nm and 800 nm. The ﬁsh-scale meta-molecules in (c) have a longer length l =
150 nm in the nanostructure and the excitation wavelengths are same as what is employed
in the experiments. All maps are in size of 1.32 ×1.32 m2.
At the same wavelengths and under Y -polarised excitation, simulations on the two
kinds of ﬁsh-scale nanostructures are shown in Fig. 2.9. In Fig. 2.9, plate (a) displays
the experimental SNOM maps on the fabricated ﬁsh-scale metamaterial sample, while2.5. Theoretical investigations 49
plate (b) shows the simulated intensity distributions at 10 nm above the ﬁsh-scale meta-
material with the same structural design. Fig. 2.9 (c) represents the simulation results
of the ﬁeld distributions on an array of ﬁsh-scale meta-molecules with an increased
length l = 150 nm. The corresponding excitation wavelengths are indicated in the
ﬁgure and all the wavelengths are below the broad resonance at around λ = 1.05 m.
In the simulation results, the ﬁeld distributions show a variation with wavelength and
the optical energy is usually distributed over the nanowires, rather than generating
localized energy hot-spots on the metamaterial landscape. However, compared with
the experimental results shown in Fig. 2.9 (a), the simulated ﬁeld distributions fail to
reveal the same patterns.
The theoretical calculations above cannot achieve exact quantitative correspondence
with the far-ﬁeld spectral measurements or the near-ﬁeld optical mappings probably due
to the structural changes from sample fabrication process or oxidization, the displace-
ment between tip aperture and ﬁsh-scale nanowire array in near-ﬁeld measurements,
the choice of dielectric parameters in the simulations, etc. However, a good qualitative
agreement still demonstrates that the plasmonic ﬁeld distributions can be eﬃciently
controlled by manipulating the wavelengths of excitation and the polarization states.
Although there are justiﬁable concerns on SNOM scanning probes causing disturbance
to the near-ﬁeld distributions [192,193], our SNOM scanning results indicate that the
inﬂuence of near-ﬁeld probe does not dramatically change the ﬁeld distributions and
that the experimental data may indeed be interpreted as real near-ﬁeld maps. In this
study, the near-ﬁeld scanning technique provides a reliable and powerful tool for directly
mapping plasmonic ﬁelds in the immediate proximity of the metamaterial [196–198].
The ability of the metamaterials to concentrate light at a subwavelength scale is not
surprising as the energy hot-spots are formed by the near-ﬁelds with large wave vectors
and determined by the smallest elements of the metamaterial pattern. Nevertheless,
the key is that plasmonic excitation patterns can be eﬃciently controlled by the polar-
ization state and the wavelength of the incident radiation.50 2. Metamaterial as a controllable template for nanoscale light localization
2.6 The resonant features of the nanowire ﬁsh-scale meta-
material arrays
When discussing the resonant features of the ﬁsh-scale metamaterial arrays, the double-
periodic nanowire ﬁsh-scale nanostructures can be regarded as a sequence of double-
strip line waveguide resonators terminated with a short-circuit section. Thus, the
origin of the array’s resonant features will correlate with the characteristic dimensions
of the ﬁsh-scale nanowire patterns. Regarding the ﬁsh-scale nanostructure with the
same structural design as the fabricated metamaterial sample, the full length of the
strip, denoted S as described in the schematic diagram Fig. 2.2 (b), is approximately
850 nm within a translational unit cell of 440 ×440 nm. According to the previous
investigations of ﬁsh-scale metamaterials in microwave region [199,200], the wavelength
of an array’s plasmonic resonant response is linked to the length of the strip resonators.
At the main transmission dip, the oscillating electric ﬁeld is polarized perpendicular
to the direction of the strip (X-polarization), generating a standing wave on the strips
with a wavelength, λs, which is close to S/2. This model should also work reasonably
for the optical part of the spectrum. Considering the inﬂuences of the substrate, the
excitation wavelength λi of incident radiation for the plasmonic resonance in the strip
line waveguide can be roughly estimated as
λi = λs
√
(ε + 1)/2, (2.4)
where ε is the permittivity of the substrate [200]. This estimation gives a value of
530 nm for the incident resonant wavelength for a transparent silica substrate with
permittivity ε = 2.1, while the simulated resonant dip of the ﬁsh-scale nanostructure
under X-polarized excitation (shown in Fig. 2.6 (a)) is at 620 nm. Considering the
ﬁsh-scale nanostructure with an increased length l = 150 nm between the upper and
lower semicircles, the full length of the strip line waveguide is around S = 990 nm in
an unit cell of 440 nm2. According to Equ. 2.4, the excitation resonance is around
615 nm, while the simulated far-ﬁeld optical spectrum of this ﬁsh-scale nanostructure
has a resonant dip at 690 nm (the solid blue line shown in Fig. 2.6 (a)). Such diﬀerences
of the resonant excitation wavelengths may come from the the interactions across the2.7. Conclusions 51
ﬁsh-scale meta-molecules, the ﬁnite width and thickness of the metal strips, and the
Joule losses of the dielectric substrate. However, the estimated values of the resonant
excitation wavelengths still show a qualitative agreement with the simulated and the
experimental results above, suggesting the correlation between the resonant features
of the ﬁsh-scale metamaterial arrays and the characteristic dimensions of the ﬁsh-scale
nanowire patterns.
For the Y -polarized incident radiation, it is diﬃcult to produce a simple and ac-
curate estimation for the resonant frequencies. However, the resonance seems to ap-
pear when the wavelength of excitation in the nanowires is approximately equal to
S [199,200]. Therefore, with the same value of the permittivity of a transparent silica
substrate (ε = 2.1), an estimated value for the resonant wavelength 1060 nm is given for
the ﬁsh-scale metamaterial with the original structural design illuminated with Y po-
larization, while a resonant wavelength of 1230 nm is given the ﬁsh-scale nanostructure
with l = 150 nm.
The assumption of the ﬁsh-scale metamaterials as a resonant waveguide structure
suggests that variations of the energy hot-spot localizations caused by changing wave-
lengths and polarizations, result from a redistribution of the energy in the standing
wave. Indeed, when tuning the excitation wavelength away from the plasmonic reso-
nance, the standing wave pattern must redistribute to accommodate for the mismatch
between the waveguide wavelength and the length of the strip inside the unit cell.
2.7 Conclusions
To pursue easier and better control of nanoscale light localizations, experiments have
been conducted using of aluminium ﬁsh-scale metamaterials and have demonstrated
rather positive results. It has been proved that subwavelength energy hot-spot dis-
tributions in the metamaterial nanowire landscape can be eﬃciently controlled by the
wavelength and polarization of incident radiation. Moreover, subwavelength energy hot-
spots as small as 0.23λ are achieved with X-polarized excitation, and their positions
are controlled by tuning the wavelength of the incident light beam across the dipole
absorption resonance of the ﬁsh-scale metamaterial. Although the experimental mea-
surements fail to show a good quantitative agreement with the simulated results, their52 2. Metamaterial as a controllable template for nanoscale light localization
qualitative similarity indicates that the inﬂuence of the near-ﬁeld probe is negligible
and the experimental data may be interpreted as real near-ﬁeld intensity distributions.
In conclusion, a near-ﬁeld pattern transition across the plasmonic resonant dip can
be quickly and eﬃciently achieved by tuning the polarization and wavelength of an
incident light beam. Also, the positions of the hot-spots show a high correlation with
the locations of meta-molecules. Related techniques can be used for tailoring and tem-
plating of nanostructured optical ﬁelds such as optical trapping, linear and nonlinear
molecular spectroscopy, and Raman scattering.3
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3.1 Synopsis
In this chapter, a new approach to precise control of subwavelength light localizations
will be investigated. By illuminating an array of interacting meta-molecules with a spa-
tially phase-modulated light beam, isolated nanoscale energy hot-spots can be created
in the immediate proximity of a plasmonic metamaterial and moved at will from one
meta-molecule of the array to another, thus providing new opportunities for imaging
and optical data storage.
In Section 3.2, an introduction to diﬀerent methods of creating and controlling
nanoscale light localizations will be presented, followed by an explanation of our new
approach to nanoscale localizing light through the coherent control process. Then, the
resonant features of the interacting meta-molecules and a detailed description on the
numerical model will be discussed in Section 3.3, while a series of simulation results
will be described in Section 3.4. In Section 3.5, a calculation of a simple model which
treats current oscillations in individual meta-molecules as point-like dipoles will provide
a physical picture of the coherent control system. Also, the feasibility of the modulated
ﬁeld will be considered by decomposing the ﬁeld into a combination of harmonics. To
experimentally demonstrate the idea of coherent control of nanoscale light localization,
the details of the experimental setup will be given in Section 3.6, and the experimental
results will be described and analyzed in Section 3.7. At the end of this chapter in
Section 3.8, the conclusions of this work will be summarized and further applications
will be discussed.
3.2 Introduction
3.2.1 Diﬀerent approaches to control nanoscale light localizations
Precise control and manipulation of optical ﬁelds on the nanoscale is an important
challenge to conquer in nanophotonics. However, it cannot be overcome by employ-
ing conventional focusing methods since the optical wavelength is on a much larger
microscale. To achieve the goal of controlling nanoscale light localizations, several ap-
proaches have emerged in the last decade [20–31]. For instance, in 2002, a method was
suggested based on tailoring phase modulation of ultra-short optical pulses in the time3.2. Introduction 55
domain to achieve coherent control of the spatial distribution of energy in designed
nanostructures and complex inhomogeneous nanosystems as demonstrated in plates (i)
and (ii) in Fig. 3.1 (a), respectively [26]. In such nanosystems, the localized plasmonic
frequencies vary from nanoscale feature to nanoscale feature and thus can be correlated
with their positions. The phase modulation of the optical pulses will cause the exciting
ﬁeld to take energy away from surface plasmons localized in those parts of the system
where the oscillations are out of phase with the driving pulse. Then, the ﬁeld localiza-
tions will be moved with time to the surface plasmon excitations in other parts where
such oscillations occur in phase with the driving pulse as the calculation results show
in Fig. 3.1 (b). With phase modulation of the femtosecond optical pulses, the intensity
distributions on a designed V shape nanostructure can be controlled and positioned in
the time domain. This idea was later experimentally supported by a similar method
based on tailoring of ultra-fast pulses in the vicinity of silver nanostructures through
adaptive polarization shaping as the schematic representation and experimental results
show in Fig. 3.1 (c) and (d) [28].56 3. Coherent control of nanoscale light localization with metamaterials
Figure 3.1: Spatiotemporal control of nanoscale ﬁeld excitations. In a designed
nanostructure (i) and a complex inhomogeneous nanosystem (ii) shown in plate (a), coher-
ent control of the spatial distribution of energy in nanosystems can be achieved by tailoring
the phase modulation of ultra-short optical pulses in the time domain. With this approach,
the localized plasmon frequencies vary from nanoscale feature to nanoscale feature and thus
can be correlated with their positions [26]. As the calculation results in plate (b) demon-
strate, the ﬁeld localizations on a designed V shape nanostructure can be moved with time
by tailoring the phase modulation of femtosecond optical pulses. Regarding experimental
demonstrations of coherent control of localized ﬁelds in nanosystems, plate (c) schematically
shows the experimental conﬁgurations with adaptive polarization shaping and modulation of
incident ultra-fast optical pulses. By shining the modulated optical pulses onto a star shape
silver nanostructure, the energy hot-spot can be repositioned as the experimental results
show in plate (d) [28]. Figures are obtained from refs. [26,28]
As for other approaches to control nanoscale light localizations in the near-ﬁeld
region, several novel methods have been proposed and investigated recently using dif-
ferent types of nanostructures and manipulating diﬀerent characteristics of an incident
light beam. Some of them will be summarized below.
(a) Spatially phase-shaped beams illuminating nanoantennas. By tuning the
polarization singularities and subwavelength spatial phase variations at the focus
of high-order beams, the near-ﬁeld distributions on plasmonic nanoantennas can
be reconﬁgured as shown in Fig. 3.2 (a) [21].
(b) Tailoring plasmon interference by illuminating nanohole arrays with
phase modulation. By actively controlling the light illumination on nanohole3.2. Introduction 57
arrays with optimized amplitudes and phases, an energy hot-spot can be created
and positioned at an appointed location through plasmon interferences on the metal
surface as demonstrated in Fig. 3.2 (b) [29].
(c) Deterministic optical inversion protocol to achieve required near-ﬁeld
patterns on plasmonic nanostructures. Based on an exact inversion of the
response tensor of a nanosystem, the deterministic optical inversion protocol can
provide a physical solution for the incident ﬁeld leading to generation of a desired
near-ﬁeld pattern on the surface of a nanostructure. Such a result can be expressed
in the form of a coherent superposition of high-order beams. Some calculation
results are shown in Fig. 3.2 (c) [22].
(d) Gratings illuminated with incident waves of optimized amplitudes and
incident angles. By optimizing the amplitudes and incident angles of continuous-
wave light beams with twelve orientations illuminating on a subwavelength diﬀrac-
tion grating, an isolated light localization can be produced and moved across the
grating’s surface. The models and calculation results are shown in Fig. 3.2 (d) [20].
These approaches all provide new opportunities for controlling light behavior on
the nanoscale; however, they only can be performed through complex nanosystems or
the sophisticated manipulation of the incident light beams. Moreover, the nanoscale
light localizations can only be moved in a small conﬁned area. As a result, they will
increase the costs of nanofabrication and practical realization on the one hand, and will
be conﬁned to limited nanosystems on the other. To compensate for these weaknesses,
several approaches to nanoscale light localizations control based on the exploitation of
metamaterials have been proposed and will be presented below.58 3. Coherent control of nanoscale light localization with metamaterials
Figure 3.2: Diﬀerent approaches to controlling the nanoscale light localiza-
tions in the near-ﬁeld region. (a) By controlling the polarization singularities and
the subwavelength spatial phase variations at the focus of high-order beams, the near-ﬁeld
distributions on plasmonic nanoantennas can be reconﬁgured [21]; Figure (a) shows the ex-
perimental maps recorded for (i) a Gaussian beam and (ii, iii) a HG10 beam with a phase
shift. (b) By choosing the polarization directions and optimizing the amplitudes and phases
of incident light beams applied on four surrounding nanohole arrays, an isolated light lo-
calization can be produced and positioned through the tailoring of the plasmon interference
waves [29]. (c) With the method of the deterministic optical inversion protocol, required
near-ﬁelds patterns on nanostructures can be obtained by an exact inversion of the response
tensor of a nanosystem [22]. (d) By illuminating the amplitude and incident-angle opti-
mized waves on a subwavelength diﬀraction grating, an energy localization can be obtained
and positioned on the surface of the grating [20]. Figures are obtained from ref. [20–22,29]
3.2.2 Controlling nanoscale light localizations through metamaterials
From the discussions of metamaterial research in the previous chapter, it is known that
near-ﬁeld light localizations can be generated and controlled by using a planar metama-
terial as a controllable template, illuminated with corresponding resonant frequencies3.2. Introduction 59
and polarizations as demonstrated in Fig. 3.3 (a) [30]. Recently, another approach
based on the position variations of an array of interacting meta-molecules has been
experimentally demonstrated in the microwave region, creating highly concentrated
nanoscale energy localizations on the metamaterial landscape [201]. Fig. 3.3 (b), plate
(i) shows the image of a metamaterial sample with a little disorder in the arrangement
of round asymmetrically split-ring (ASR) meta-molecules, while plate (ii) shows the
near-ﬁeld mapping close to the sample surface. In these results, several energy hot-
spots can be created by carefully choosing the resonant frequencies and polarization
directions of an incident radiation. From the aspect of design of the meta-molecules
and the cost of sample fabrication, it is advantageous to utilize metamaterials with dif-
ferent meta-molecules as a platform to control nanoscale light localizations for diﬀerent
purposes.
Figure 3.3: Controlling near-ﬁeld light localizations in metamaterial systems.
(a) By tuning the excitation wavelengths and polarization states of an incident light beam
illuminating a planar metamaterial with ﬁsh-scale nanostructure, energy hot-spots can be
controlled on the landscape of periodic metamaterial system [30]. (b) By position variation
in an array of round ASR meta-molecules, strong light localizations can be produced due to
the strong interactions between the interacting meta-molecules [201].
3.2.3 Coherent control of nanoscale light localizations in an array of
interacting meta-molecules
Due to the fact that the size of unit cell in metamaterials is much smaller than the
wavelength of excitation, it is very diﬃcult to separate the generated energy hot-spots
with a signiﬁcant distance from each other and form a single, isolated subwavelength60 3. Coherent control of nanoscale light localization with metamaterials
energy hot-spot when a metamaterial system is illuminated with a monochromatic
plane wave. This scheme also lacks the ﬂexibility to move the hot-spot arbitrarily on
the metamaterial landscape. Thus, in this chapter, we intend to develop a new scheme
which only ﬁres a single meta-molecule, generating an isolated subwavelength energy
hot-spot in the proximity of a plasmonic metamaterial. This approach can be achieved
by modulating the spatial phase of an incident light beam on a much larger scale and
with the help of intense interactions and energy exchange between the interacting meta-
molecules. Moreover, once an isolated subwavelength energy hot-spot can be created
on a single meta-molecule, the nanoscale size of unit cells becomes an advantage in
controlling the movement of the energy hot-spot. By shifting the modulated beam, an
isolated light localization, or other required pattern, can be moved on the landscape of
metamaterials with nanoscale accuracy; that is the same scale as the size of unit cells.
Fig. 3.4 provides a physical picture of this new approach, showing an artistic rep-
resentation of a metamaterial array excited by a wave with a spatially tailored phase
proﬁle. Here, an isolated energy hot-spot can be created on the other side of the array
in its immediate proximity. As shown in Fig. 3.4 (a), with a plane wave illuminating a
metamaterial system, the interactions of the emitted ﬁelds between the meta-molecules
are equal and simultaneous. Therefore, the energy will be homogeneously distributed
and located on each meta-molecule, forming nanoscale energy hot-spots distributed
with the same period as the meta-molecules. However, by allowing spatial phase mod-
ulation in the driving ﬁelds, as in the schematic in Fig. 3.4 (b), the emitted ﬁelds
from each meta-molecules will drive in turn the neighboring meta-molecules. In this
process, a wave is scattered more than once by the same meta-molecule, resulting in
strong interactions between meta-molecules and optical energy concentration onto a
single meta-molecule, with a strongly localized peak formed.3.2. Introduction 61
Figure 3.4: Plasmonic metamaterials as a near-ﬁeld focusing device. Artistic
impression. (a) With monochromatic plane wave illumination on a planar metamater-
ial, the interactions between the constituent meta-molecules are equal and simultaneous.
Therefore, the optical energy will be homogeneously distributed and located on each meta-
molecule, forming periodic energy hot-spots generated on the metamaterial landscape. The
separation between the energy hot-spots is equal to or smaller than the size of unit cells.
(b) By spatially tailoring the phase proﬁle of an incident light beam, the strong optically-
induced interactions between the meta-molecules in a metamaterial system can lead to the
formation of a single subwavelength hot-spot located on a certain meta-molecule. This spot
may be moved from one metamaterial cell to another by tailoring the phase proﬁle of the
incident beam.
The idea above has a clear mechanical analogue in two coupled identical oscillators
(modeling nano-objects) that may be driven to diﬀerent amplitudes by setting up a
phase delay (∆φ = φ1 − φ2) in between the two driving forces (F1 and F2). Here,
the two driving forces are in sinusoidal form with the same amplitude A as indicated
in Fig. 3.5 (a), while the two identical oscillators (blue and red) are connected with a
spring with a spring constant of kspring = 0.25. Therefore, the dynamics of the two
identical oscillators can be obtained from the following simultaneous equations:

 
 
¨ x1(t) + γ ˙ x1(t) + ω2
0x1(t) + kspring(x1(t) − x2(t)) = Asin(ωt + φ1)
¨ x2(t) + γ ˙ x2(t) + ω2
0x2(t) + kspring(x2(t) − x1(t)) = Asin(ωt + φ2)
(3.1)
with the initial conditions: x1(0) = x2(0) = 0; ˙ x1(0) = ˙ x2(0) = 0. Here, to simplify the62 3. Coherent control of nanoscale light localization with metamaterials
simultaneous equations, we assume γ = ω0 = A = 1. Fig. 3.5 (b) shows the calculation
results of the amplitude diﬀerence (∆A = A1−A2) between the two identical oscillators
in the ﬁnal steady state. When the driving forces are at the same amplitude and in
phase (∆φ = 0), there is no amplitude diﬀerence between the two coupled oscillators,
which suggests the same energy is stored in each oscillator. When we apply a little phase
diﬀerence to one of the sinusoidal driving forces, the amplitude diﬀerence between the
two oscillators indicates that the energy is transferred and stored in one of these two
coupled oscillators. The maximum amplitude diﬀerence in this speciﬁc case is at the
phase diﬀerence of π/2 when the driving frequency ω of the driving forces is equal to the
resonant frequency ω0 of individual oscillators. From the result of such a mechanical
analogue of the coherent control process, optical energy exchange between the resonant
meta-molecules can be expected.
Figure 3.5: A mechanical analogue illustrating energy localization by coherent
(phase) control of the two driving forces. (a) schematically displays the model of
two identical coupled oscillators driven by two sinusoidal driving forces with a phase delay.
Identical coupled oscillators driven at the same frequency with the same amplitude will be
excited to diﬀerent levels if they are driven with a phase delay. (a) Here oscillators represent
individual meta-molecules of the metamaterials structure. Plate (b) shows the diﬀerence
between the amplitudes of oscillation as a function of frequency ω and phase diﬀerence φ
between driving forces. Here ω0 is the resonant frequency of individual oscillators. The
idea of coupled resonators illuminated by a phase modulated beam has a clear mechanical
analogue in two coupled identical oscillators (modeling nano-objects) that may be driven to
diﬀerent amplitudes by setting up a phase delay between coherent mechanical forces.3.3. The sample descriptions and details of the numerical modeling 63
3.3 The sample descriptions and details of the numerical
modeling
To analyze the metamaterial systems under an incident illumination with a spatially
tailored phase proﬁle, a direct quantitative numerical simulation using a 3D Maxwell
solver (COMSOL) is conducted by qualitatively modelling the plasmonic metamater-
ial array. In all numerical simulations, we focus on the visible and the near-infrared
parts of the spectrum, assuming that metamaterial structures are constructed of gold
plasmonic resonators with realistic material parameters and Joule loss factors from
well-established data of the dielectric parameters of the metal [194]. An analysis of
the design of the plasmonic resonators and the details of the numerical model will be
described below.
3.3.1 ASR plasmonic resonators and and the corresponding resonant
modes at diﬀerent frequencies
In the numerical models, meta-molecules with square ASR patterns are used as an ar-
ray of nanoscale plasmonic resonators in a metamaterial system. The choice of an ASR
array is inspired by recent studies that established the key role of inter-meta-molecular
interactions in forming the electromagnetic response of the ASR metamaterials [195].
This metamaterial consists of ASR meta-molecules with a lattice period of 440 nm both
in the X and Y directions. Considering the illumination wavelengths available in the
visible and near-infrared range of the spectrum and restrictions on the sample fabrica-
tion, an optimum choice of the ASR meta-molecules’ size is 200 ×200 nm2. As shown
in the schematic diagrams in Fig. 3.6, two types of ASR meta-molecules are modelled
in the numerical simulations. One is the positive ASR meta-molecule composed of gold
nanorods whose width is wr = 25 nm arranged in a split square shape (see Fig. 3.6
(a)), while the other is the negative ASR meta-molecule with the same split square
shape perforated through a metallic gold thin ﬁlm (see Fig. 3.6 (b)). The width of the
constituent nanoslits is ws = 25 nm. Both the gaps g between the upper and lower
parts of the two ASR nanostructures are 75 nm.64 3. Coherent control of nanoscale light localization with metamaterials
Figure 3.6: Asymmetrically split-rings (ASR) meta-molecules as the nano-
scale plasmonic resonators in a metamaterial system. Schematic diagrams. In
the numerical models, two types of square ASR meta-molecules are used. One is posi-
tive ASR meta-molecules with wr = 25 nm gold nanorods arranged in a split square shape
of 200 ×200 nm2, while the other is negative ASR meta-molecules perforated with slits
ws = 25 nm arranged with the same square shape on a metallic gold thin ﬁlm. The size
of unit cells is assumed to be 440 ×440 nm2 and the gap g between the upper and lower
nanostructures of the ASR meta-molecules is 75 nm.
To analyze the resonant modes of the square ASR plasmonic resonators as a function
of excitation wavelength, the simulated far-ﬁeld optical spectra of a free-standing ASR
metamaterial are calculated by using a 3D Maxwell solver (COMSOL) and the surface
current distributions on the ASR meta-molecules are acquired at diﬀerent character-
istic excitation wavelengths. With the positive ASR meta-molecules and X polarized
excitation, the positive square ASR metamaterial with a thickness of 100 nm shows a
well-deﬁned plasmonic absorption resonance at λ = 790 nm corresponding to a local
maximum in reﬂection and a minimum in transmission (Fig. 3.7 (a)). By analyzing the
electric ﬁeld in the Z direction on the surface of the ASR meta-molecules, proportional
to the surface charge density [202], the electric charge distributions can be obtained
at diﬀerent excitation wavelengths as the results in Fig. 3.7 (c) to (e) show, and the
directions of surface electric currents can be schematically plotted (black arrows). Ac-
cording to V. V. Khardikov et al. ′s work [203], at the wavelength of 1.05 m, the
closed circulation of electric currents on the surface of ASR meta-molecules represents
a magnetic dipole mode perpendicular to the array, while an electric dipole parallel to
the surface and an electric quadrupole are the dominant resonant modes at excitation
wavelengths of 790 nm and 650 nm, respectively.3.3. The sample descriptions and details of the numerical modeling 65
Figure 3.7: Simulated far-ﬁeld optical spectra of an ASR metamaterial array
and the surface current distributions at diﬀerent characteristic wavelengths:
Positive ASR nanostructures. Simulation results. With plane wave illumination and
X-polarized excitation, the array of positive ASR nanostructures has a well-deﬁned plas-
monic resonance at λ = 790 nm corresponding to a local maximum in reﬂection (blue) and
a minimum in transmission (red) (plate (a)). Plate (b) displays the geometry of a positive
square ASR arranged in an area of 200 nm2 at the center of an unit cell of 440 nm2. The
width and thickness of the constituent gold nanorods are 25 nm and 100 nm, respectively.
Plates (c) to (e) show the simulation results of the electric ﬁeld along the Z direction
on the surface of the ASR meta-molecules (red dashed lines) and the directions of corre-
sponding electric currents are schematically plotted as black arrows. At the wavelength of
λ = 1.05 m, the closed current distribution indicates that a magnetic dipole perpendicular
to the array is generated, while at wavelengths of 790 nm and 650 nm, the electric dipole
parallel to the surface and the electric quadrupole are the dominant resonant modes of the
ASR plasmonic resonator.
The simulated far-ﬁeld optical spectra of a negative ASR metamaterial array can
also be obtained through numerical modeling in COMSOL as shown in Fig. 3.8 (a).
With Y polarized excitation, the negative square ASR nanostructures perforated on a
free-standing 50 nm gold thin ﬁlm have a well-deﬁned plasmon absorption resonance66 3. Coherent control of nanoscale light localization with metamaterials
at λ = 880 nm corresponding to a local maximum in transmission and a minimum in
reﬂection. With the help of Babinet’s principle for complementary structures such as
the positive and negative square ASR meta-molecules [97], the electric near-ﬁelds of the
structures at the characteristic resonant frequencies of an incident beam correspond to
the magnetic near-ﬁelds of their complements. Therefore, by analyzing the magnetic
ﬁeld along the Z direction on the surface of the negative ASR meta-molecules, the
directions of surface magnetic currents can be schematically plotted as the black arrows
indicate in Fig. 3.8 (c) to (e) at the excitation wavelengths of 700 nm, 880 nm and
1.15 m, respectively. Analogous to the resonant modes of the positive ASR meta-
molecules at diﬀerent wavelengths, the negative ASR plasmonic resonators have an
electric dipole mode perpendicular to the array at the excitation wavelength of 1.15 m,
while at wavelengths of 880 nm and 700 nm, the magnetic dipole lying on the surface
and magnetic quadrupole modes are the main resonant modes, respectively. We will
investigate ﬁeld localizations in the immediate proximity of the two types of ASR meta-
molecules arrays through the coherent control process at the corresponding excitation
wavelengths and the polarization directions.3.3. The sample descriptions and details of the numerical modeling 67
Figure 3.8: Simulated far-ﬁeld optical spectra of an ASR metamaterial array
and the surface current distributions at diﬀerent characteristic wavelengths:
Negative ASR nanostructures. Simulation results. With plane wave illumination and
Y polarized excitation, the array of negative ASR nanostructures has a well-deﬁned plas-
monic resonance at λ = 880 nm corresponding to a local maximum in transmission (red)
and a minimum in reﬂection (blue) (plate (a)). Plate (b) displays the geometry of a neg-
ative square ASR meta-molecule arranged in an area of 200 nm2 at the center of a unit
cell of 440 nm2. The width of the nanoslits is 25 nm and the thickness of the gold thin
ﬁlm is 50 nm. Plates (c) to (e) show the simulation results of the magnetic ﬁeld along
the Z direction on the surface of the ASR meta-molecules. According to Babinet’s prin-
ciple, the electric near-ﬁelds of structures correspond to the magnetic near-ﬁelds of their
complements. Therefore, an electric dipole mode of the negative ASR meta-molecules’ res-
onance occurs at the wavelength of λ = 1.15 m, while a magnetic dipole and a magnetic
quadrupole are the dominant resonant modes at 880 nm and 700 nm, respectively.
3.3.2 Spatially tailored phase proﬁle of an incident light beam
To demonstrate the idea of controlling nanoscale light localizations on the metamaterial
landscape through the coherent control process, ﬁrst we choose the excitation beam to
have a sinusoidal phase proﬁle across its wavefront. With such a simple phase proﬁle,68 3. Coherent control of nanoscale light localization with metamaterials
light can be localized in the array of interacting meta-molecules at certain polarization
directions and frequencies of the driving ﬁeld. In the numerical simulation, as shown
in Fig. 3.9, the metamaterial array is driven by manipulating a monochromatic ﬁeld
upon arrival at the metamaterial surface, making the electric ﬁeld have a constant
amplitude, a ﬁxed polarization direction, and a spatially varying phase with sinusoidal
proﬁle along the X and Y directions. Considering a continuous modulated phase proﬁle
which can be used feasibly in the experiments and the computational ability of our
COMSOL server, the period of the sinusoidal phase proﬁle is set to be six unit cells
of the metamaterial array, i.e. 440 nm × 6 =2.64 m in this numerical model. The
boundaries in the numerical model are set to periodic boundary conditions, giving a
continuity of the phase proﬁle on the boundaries. The modulated phase proﬁle of an
incident light beam can be expressed as follows:
E(X,Y ) = E0eiφ(X,Y ), φ(X,Y ) = (
∆φmax
2
)sin((
2π
6a
)X)sin((
2π
6a
)Y ), (3.2)
where a is the pitch of metamaterial and the ∆φmax denotes the maximum diﬀerence
of the phase angle in the modulated sinusoidal phase proﬁle. The maximum phase
diﬀerence ∆φmax which can be set in the COMSOL numerical models is 2π. By vary-
ing the modulation depth ∆φmax and wavelength of excitation, a series of simulations
analysing the energy concentrations, excitation wavelength dependence and the posi-
tioning of nanoscale light localizations will be conducted, as described below.3.4. Coherent control of nanoscale light localizations in metamaterials: simulation
results 69
Figure 3.9: Coherent control of light localizations with sinusoidal phase pro-
ﬁle in X and Y directions Artistic impression. A light beam with ﬁxed amplitude
and modulated phase proﬁle excites a metamaterial array of interacting plasmonic res-
onators leading to the formation of the energy hot-spot at the metamaterial. In the sim-
ulation, the modulated phase proﬁle can be expressed as E(X,Y ) = E0eiφ(X,Y ), where
φ(X,Y ) = (∆φmax/2)sin((2π/6a)X)sin((2π/6a)Y ). Here, a is the size of the unit cells in
the metamaterial system and is equal to 440 nm. Thus, the spatial period of the sinusoidal
phase proﬁle is six unit cells of the metamaterial array (2.64 m). The ∆φmax denotes
the maximum phase diﬀerence in period of the modulated phase proﬁle as indicated in the
diagram.
3.4 Coherent control of nanoscale light localizations in
metamaterials: simulation results
3.4.1 Nanoscale energy concentration on a single meta-molecule
With coherent control of an incident excitation beam, the main characteristics of the
energy distributions on the landscape of the positive and negative square ASR meta-
materials will be illustrated in Fig. 3.10 and Fig. 3.11, respectively. In Fig. 3.10, plates
(a) to (d) show the intensity distributions in the immediate proximity of a positive
ASR metamaterial array as a function of the amplitude of spatial phase proﬁle modu-
lation. According to the simulated far-ﬁeld spectra obtained in Fig. 3.7, the excitation
wavelength selected here is λ = 790 nm, while the polarization of the incident light70 3. Coherent control of nanoscale light localization with metamaterials
beam is in the X direction. As expected, with a ﬂat wavefront (∆φmax = 0), all
meta-molecules in the metamaterial array are excited equally. The nanoscale energy
concentrations are located on the two ends of the bottom bar structures of each square
ASR meta-molecule, generating homogeneously distributed intensity peaks with sub-
wavelength size as shown in Fig. 3.10 (a). By increasing the modulation depth of the
sinusoidal phase modulated light beam, energy tends to concentrate at two opposite
quadrants of the 6×6 section of the metamaterial array at a distance of 3
√
2 unit cells
from one another. When the maximum phase diﬀerence in the sinusoidal phase proﬁle
modulation reaches ∆φmax = 2π, only two square ASR meta-molecules are excited and
a pair of strong energy localizations are generated at the two opposite quadrants of the
6 × 6 sub-sections as shown in Fig. 3.10 (d). The pair of the strong intensity peaks
has a separation around 200 nm, which is close to the length of the bottom nanorod of
the ASR meta-molecule. The full width of the energy hot-spots measured at half of its
maximum (FWHM) is around 70 nm (0.089 λ).3.4. Coherent control of nanoscale light localizations in metamaterials: simulation
results 71
Figure 3.10: Coherent control of nanoscale energy localizations on a positive
ASR metamaterial array of interacting plasmonic resonators. Simulation results.
Color maps (a) to (d) show the buildup of light localizations with increasing modulation
depth ∆φmax of the sinusoidal phase modulation in the driving ﬁeld under X polarization.
Note two intensity peaks form at the opposite quadrants of the landscape at resonance
conditions at λ = 790 nm and ∆φmax = 2π. The size of one of the paired energy hot-spots
is around 70 nm (0.089 λ), while there is no excitation on the other quadrant.
Regarding a negative square ASR meta-molecule array illuminated with a phase
modulated excitation beam, the main characteristics of the energy distributions on
the metamaterial landscape are represented in Fig. 3.11 (a) to (c) with a modulation
depth of the maximum phase diﬀerence in the sinusoidal phase proﬁle from 0 to π,
respectively. Here, the excitation wavelength is λ = 880 nm and the polarization is
in the Y direction according to the simulated far-ﬁeld optical spectra of the negative
ASR meta-molecules array as shown in Fig. 3.8. As Fig. 3.11 (a) shows, with a ﬂat
wavefront (∆φmax = 0), the energy is homogeneously distributed on each negative
square ASR meta-molecule and concentrated on the bottom nanoslit of each negative
split-ring nanostructure. With increasing of the modulation depth, energy also tends
to concentrate at two opposite quadrants of the 6×6 section of the array at a distance
of 3
√
2 unit cells from one another. With a maximum phase diﬀerence of π applied to72 3. Coherent control of nanoscale light localization with metamaterials
the sinusoidal phase proﬁle modulation, two isolated energy peaks will be produced at
the two opposite quadrants of the 6 × 6 section of a metamaterial array as the result
in Fig. 3.11 (c) shows. The phase modulation depth of ∆φmax = π is the optimum
situation while there are only two isolated energy hot-spots generated at the opposite
quadrants. With a modulation depth of ∆φmax = 2π, the localized energy of the two
energy hot-spots will decrease and re-distribute to the other meta-molecules. Fig. 3.11
(d) shows the intensity cross-section of the isolated central peak of the resonant hot-
spot (λ = 880 nm), which has a footprint (at half maximum) of only 50 nm × 152 nm
(0.0076 m2).
Figure 3.11: Coherent control of nanoscale energy localizations on a negative
ASR metamaterial array of interacting plasmonic resonators. Simulation results.
Color maps (a)-(c) show the buildup of light localization with the increase of sinusoidal
phase modulation of the driving ﬁeld ∆φmax of 0, π/2 and π, respectively. Note that two
intensity peaks form at the opposite quadrants of the landscape at resonance conditions at
λ = 880 nm and ∆φmax = π. (d) shows the main cross sections of the energy hot-spot
created at the metamaterial landscape under the conditions of (c). The subwavelength peak
localization has a footprint about 1% of λ2, and there is no excitation on the other quadrant.3.4. Coherent control of nanoscale light localizations in metamaterials: simulation
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3.4.2 Light localization eﬀect at diﬀerent wavelengths of excitation
From the simulation results described above, nanoscale light localizations can be created
on certain ASR meta-molecules with phase proﬁle modulation of an incident light beam.
Moreover, isolated energy hot-spots can be generated by illuminating a negative ASR
metamaterial with a phase modulation depth of π in a sinusoidal phase proﬁle modu-
lation and located at opposite quadrants of a 6×6 meta-molecules array (λ = 880 nm,
Y polarization). To observe the localization eﬀect at diﬀerent wavelengths of excita-
tion, two wavelengths of 700 nm and 1.15 m away from the resonant frequency are
chosen to examine the coherent control process with a ﬁxed depth of modulation. Ac-
cording to the simulated far-ﬁeld optical spectra and the surface current distributions,
the ASR meta-molecules illuminated with the wavelengths of 700 nm and 1.15 m are
resonant at a magnetic quadrupole mode and an electric dipole mode perpendicular to
the surface, respectively. Compared with the results in Fig. 3.11, for a ﬁxed amplitude
of the phase modulation (∆φmax = π), we found that the energy localization is most
pronounced at the plasmonic absorption resonance at 880 nm. Detuning the excitation
wavelength away from the resonance will destroy the nanoscale light localizations, as
illustrated in Figs. 3.12 (a) and (b) with wavelengths of 700 nm and 1.15 m, respec-
tively. Well-isolated nanoscale light localizations as seen in Fig. 3.11 (c) cannot be
observed.
Figure 3.12: Detuning the excitation wavelengths away from the plasmonic
absorption resonance destroys the energy localizations. Simulation results. Color
maps (a) and (b) show the light localization eﬀect at diﬀerent wavelengths of (a) 700 nm
and (b) 1.15 m for a ﬁxed phase diﬀerence of the modulated ﬁeld ∆φmax = π.74 3. Coherent control of nanoscale light localization with metamaterials
3.4.3 Positioning of nanoscale light localizations with digital fashion
For application of the technique, arbitrarily localizing isolated energy hot-spots at pre-
scribed meta-molecules is appealing. In our simulations, by simply shifting phase proﬁle
function of the driving beam φ(X,Y ) = (∆φmax/2)sin((2π/6a)(X+δX))sin((2π/6a)(Y +
δY )) by δX and δY , integer multiples of the lattice period of the metamaterial sample,
one can reposition the targeted energy hot-spot across the metamaterial landscape,
from one meta-molecule to another. Such an energy hot-spot positioning process is
illustrated in Fig. 3.13. With the phase proﬁle shifted by one lattice period along ˆ X
and ﬁve periods along -ˆ Y , the meta-molecules are sequentially ﬁred up. Regarding the
positioning range of an energy hot-spot, the energy hot-spots are generated simultane-
ously at two opposite quadrants of the 6 × 6 section of the array at a distance of 3
√
2
unit cells from one another because of the translational symmetry of the modulated
phase proﬁle, but actually there is no spatial limitation to moving the targeted energy
hot-spot on the landscape of a planar ASR metamaterial. Here, the energy hot-spot
may be moved and repositioned in a quantized fashion, from one meta-molecule to
another in about λ/2 steps, the lattice period of the metamaterial array.
Figure 3.13: Positioning of nanoscale light localization with digital fashion.
Simulation results. Color maps (a) and (b) show that a targeted energy hot-spot can be
moved across the metamaterial plane by shifting the phase proﬁle of the incident beam by
(δX = a, δY = −5a).
3.4.4 Diﬀerent nanoscale plasmonic resonators and phase proﬁle mod-
ulation
• Nanoscale plasmonic resonators with ﬁsh-scale nanowire patterns
Besides using the square ASR meta-molecules as an array of discrete nanoscale plas-3.4. Coherent control of nanoscale light localizations in metamaterials: simulation
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monic resonators in the coherent control process, we also examine the coherent control
process on continuous nanostructures such as metamaterials with ﬁsh-scale nanowires.
Through similar procedures, we ﬁrst conduct simulations of the far-ﬁeld optical spectra
of a gold ﬁsh-scale metamaterial array. The unit cell of the ﬁsh-scale metamaterial,
as the inset in Fig. 3.14 (a) shows, is 440 ×440 nm2, while the width of the nanowires
and the thickness of the ﬁsh-scale nanowire structure are both 50 nm. By using the 3D
Maxwell equation solver (COMSOL), the simulated optical spectra with X-polarized
excitation can be obtained and the results are shown in Fig. 3.14 (a). Here, the po-
larization is selected in the X direction due to the narrow resonant dip occurring in
the visible part of the spectrum, while the optical spectra with Y -polarized excitation
show a broad resonance in the near-infrared range similar to the results in Chap.2. A
plasmonic resonant dip occurs at a local absorption peak at the wavelength of 810 nm
with a minimum in transmission (red) and maximum in reﬂection (blue). To examine
the coherent control process, an excitation wavelength is selected at the resonant wave-
length of 810 nm, while two other wavelengths are chosen below (660 nm) and above
(1 m) the resonance as the orange dashed lines indicate in Fig. 3.14 (a).
By modulating an incident light beam at diﬀerent excitation wavelengths with a
sinusoidal phase proﬁle as described previously, on a 6 × 6 section of the ﬁsh-scale
metamaterial array, only some energy localization at two opposite quadrants can be
observed and it is diﬃcult to point out where an energy hot-spot is generated on the
metamaterial landscape. Fig. 3.14 (b), (c) and (d) show examples of the intensity
ﬁeld distributions on a ﬁsh-scale metamaterial landscape when the array of ﬁsh-scale
meta-molecules is illuminated by a sinusoidal phase modulated light beam with the
modulation depth of ∆φmax = π. The polarization is in the X direction, while the ex-
citation wavelengths in Fig. 3.14 (b) to (d) are 660 nm, 810 nm and 1 m, respectively.
As the simulation results show, the isolated nanoscale light localizations as shown in
Fig. 3.10 (d) and Fig. 3.11 (c) cannot be observed here.76 3. Coherent control of nanoscale light localization with metamaterials
Figure 3.14: Coherent control of nanoscale energy localizations in a ﬁsh-scale
metamaterial. Simulation results. (a) shows the simulated far-ﬁeld optical spectra of a
free-standing ﬁsh-scale metamaterial illuminated with a plane wave under X polarization.
The unit cell size of the ﬁsh-scale meta-molecules is 440 ×440 nm2, while the thickness
and the width of the constituent gold nanowires are both 50 nm as the inset shows. In the
simulation results, a plasmonic resonant dip occurs at the wavelength of 810 nm within
a local minimum in transmission (red) and maximum in reﬂection (blue). Color maps
(b), (c) and (d) show the ﬁeld distributions on a ﬁsh-scale metamaterial landscape as the
array of ﬁsh-scale meta-molecules is illuminated with a phase modulated light beam with
the X polarization. The phase proﬁle is sinusoidal and the modulation depth is set to be
∆φmax = π. The excitation wavelengths in plates (b) to (d) are 660 nm, 810 nm and 1 m
respectively as the dashed lines indicate in (a).
• Gaussian phase proﬁle modulation
From the simulation results discussed above, when a negative ASR metamaterial ar-
ray is illuminated by a Y -polarized light beam with a phase modulation depth of
∆φmax = π in the sinusoidal phase proﬁle, there are two isolated energy hot-spots
simultaneously generated at opposite quadrants of a 6 × 6 section of the metamaterial
array. The simultaneous generation of the two energy hot-spots is a consequence of
the translational symmetry of the modulated phase proﬁle, indicating that the max-
imum range with an isolated energy hot-spot located is around 1.87 m in diameter
(3
√
2 unit cells). To obtain an isolated energy hot-spot located in an extended ﬁeld of3.4. Coherent control of nanoscale light localizations in metamaterials: simulation
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view, a sinusoidal phase proﬁle with a longer spatial period should be considered and
conducted in simulations. However, such attempts are limited by the computational
abilities of the COMSOL server. Thus, to locate the energy hot-spots in a wide area, we
try a Gaussian phase proﬁle modulation applied to an incident light beam and exam-
ine the energy distributions on the metamaterial landscape as the array is illuminated
with such a phase modulation. In the simulation, considering that the isolated energy
hot-spots are generated in a section of the array with odd number of unit cells and the
computational abilities in the COMSOL server, a 5 × 5 section of a negative square
ASR meta-molecules array is selected and driven by a monochromatic ﬁeld with the
Gaussian phase proﬁle upon arrival at the metamaterial surface. The negative square
ASR metamaterial array has the same dimensions as described in Sec. 3.3.1. Therefore,
the spatial period of the Gaussian phase proﬁle modulation is 2.2 m and the Gaussian
phase proﬁle can be expressed as
E(X,Y ) = E0eiφ(X,Y ), φ(X,Y ) = −(∆φmax)e( X
5a)e( Y
5a). (3.3)
Fig. 3.15 schematically shows the model of a 5 × 5 section of a negative square ASR
metamaterial array illuminated by an incident light beam with a Gaussian phase proﬁle.
The excitation wavelength is selected at λ = 880 nm, while the polarization is in the Y
direction. In the simulation, the boundaries at the X and Y directions are set to have
periodic boundary condition and the maximum phase diﬀerence in the Gaussian phase
proﬁle ∆φmax varies from 0 to 2π.78 3. Coherent control of nanoscale light localization with metamaterials
Figure 3.15: Coherent control of light localization with Gaussian phase
proﬁle in X and Y directions Artistic impression. In the simulation model, the
modulated phase proﬁle can be expressed as E(X,Y ) = E0eiφ(X,Y ), where φ(X,Y ) =
−(∆φmax)e(X/5a)e(Y/5a). Here, a is the size of the unit cells in the metamaterial sys-
tem and equal to 440 nm. Thus, the spatial period of the Gaussian phase proﬁle is ﬁve
unit cells of the metamaterial array (2.2 m). The ∆φmax denotes the maximum phase
diﬀerence in period of the modulated phase proﬁle.
When illuminating an array of negative ASR meta-molecules with an incident light
beam with a Gaussian phase proﬁle, Fig. 3.16 (a) and (b) show the ﬁeld distributions
on the metamaterial landscape when the modulation depths ∆φmax are π and 2π,
respectively. In the results, it is found that energy is localized in the central area and
several energy hot-spots can be created in a 5 × 5 section of the metamaterial array.
However, we cannot see an isolated energy hot-spot on the metamaterial landscape
generated within an extended ﬁeld of view. It is believed that an isolated energy
localization could be achieved and arbitrarily positioned on an appointed location by
modifying the phase proﬁle modulation of an incident light beam through an iterative
optimization process.3.5. Physical insight into the coherent control process and feasibility of the phase
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Figure 3.16: Coherent control of nanoscale energy localizations on a negative
ASR metamaterial array with a Gaussian phase proﬁle modulation. Simulation
results. Color maps (a) and (b) show light localization with Gaussian phase modulations of
depth π and 2π, respectively. The excitation wavelength is 880 nm, while the polarization
is in the Y direction. Note that the optical energy can be concentrated on several ASR
meta-molecules and create energy hot-spots on the landscape of the metamaterial landscape.
However, the aim to create an isolated energy hot-spot located in a wide ﬁeld of view cannot
be achieved.
3.5 Physical insight into the coherent control process and
feasibility of the phase modulated ﬁeld
After obtaining the simulation results, we will ﬁrst adopt an approach to gain a physical
insight into the energy localization eﬀect through the coherent control process and then
examine the feasibility of creating the modulated ﬁeld E(X,Y ) with a sinusoidal phase
proﬁle modulation in the far ﬁeld.
3.5.1 Current oscillations in individual meta-molecules as point-like
dipoles
From the above discussions of the energy distributions on the landscape of metama-
terials, the strongest localization eﬀect occurs as the positive ASR meta-molecules
oscillate in an electric dipole mode at the wavelength of 790 nm, while the negative
ASR meta-molecules are resonant in a magnetic dipole mode at λ = 880 nm. The main
feature of such energy localizations can be clariﬁed by a numerical model developed
by Dr. S. D. Jenkins and Dr. J. Ruostekoski from the School of Mathematics of the
University of Southampton. Their calculation results can help to illustrate how the
energy localizations result from a cooperative response of the ASR plasmonic resonator80 3. Coherent control of nanoscale light localization with metamaterials
array, providing a physical insight into the nanoscale energy localization eﬀect. In the
numerical model of the nanoscale light localization process, an essential requirement
is that individual ASR meta-molecules act as closely spaced discrete scatterers whose
strong inter-meta-molecular interactions modify the energy eigen-spectrum of the sys-
tem. These assumptions will be illustrated below.
In the numerical model, the current oscillations in individual meta-molecules are
treated as point-like dipoles. For an incident driving ﬁeld of a given wavelength exciting
the current oscillations, scattered radiation is produced by each meta-molecule. Such
emitted ﬁelds subsequently drive corresponding oscillations in the neighboring meta-
molecules. The system dynamics can be described by Maxwell’s wave equations, for
instance,
(∇2 + k2
0)⃗ D+ = −∇ × (∇ × ⃗ P+) − ik0∇ × ⃗ M+, k0 =
2π
λ
(3.4)
where ⃗ D+(⃗ r,Ω), ⃗ P+(⃗ r,Ω), and ⃗ M+(⃗ r,Ω) are the positive frequency components of
the electric displacement, polarization, and magnetization densities at frequency Ω.
Here, ⃗ P+(⃗ r,t) =
∑
Ω ⃗ P+(⃗ r,Ω)e−iΩt. In the ASR metamaterial array, constituent meta-
molecules are labeled by an index j at position ⃗ rj and the electric (magnetic) dipole
moments of each meta-molecule are ⃗ dj (⃗ µj). The polarization and magnetization den-
sities are respectively given by
⃗ P(⃗ r,t) =
∑
j
⃗ dj(t)δ(⃗ r −⃗ rj) and ⃗ M(⃗ r,t) =
∑
j
⃗ µj(t)δ(⃗ r −⃗ rj). (3.5)
where δ denotes the Dirac delta function. Because of dipole-dipole interactions between
meta-molecules, the metamaterial displays collective modes of oscillation, each with a
distinct resonance frequency and a collective radiative damping rate. The majority
of the collective modes do not couple eﬃciently to the uniform driving ﬁeld due to
the spatial inhomogeneity of the modes. However, by allowing spatial variation in
the driving ﬁeld, one shall be able to excite a superposition of collective modes. A
superposition of such modal excitations can lead to the formation of energy hot-spots
located only at a few isolated meta-molecules.
The energy localizations result from the eﬀect of strong inter-meta-molecular inter-3.5. Physical insight into the coherent control process and feasibility of the phase
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actions and can be illustrated by an example of two electric dipoles with a separation
much less than the wavelength of light. The collective state of the dipoles exhibits two
eigen-modes, super-radiant (enhanced radiative damping rate) and sub-radiant (sup-
pressed radiative damping rate). In the super-radiant eigen-mode, the two electric
dipoles are in phase, while they are π out of phase in the sub-radiant eigen-mode. If we
prepare an incident ﬁeld that excites an equal superposition of the two eigen-modes,
the energy will then be localized in one of the electric dipoles. Such a result is simi-
lar to the mechanical analogue of two identical oscillators described in Fig. 3.5. The
sub-radiant and super-radiant states in the two-dipole system are recurrent scattering
events − a wave is scattered more than once by the same dipole. This process cannot
be described by standard continuous medium electrodynamics, necessitating a discrete
scatterer model of the metamaterial system.
Besides the simple system with two electric dipoles as described above, Dr. S. D.
Jenkins and Dr. J. Ruostekoski also helped to establish a numerical dipole model which
treats the meta-molecules placed in a 6×6 array as point-like dipoles. By illuminating
individual dipoles in the array with diﬀerent phases as indicated in Fig. 3.17 (b), the
intensity map in Fig. 3.17 (a) shows a similar distribution to the characteristic ﬁeld
localization features, which have been displayed in Fig. 3.10 (d) and Fig. 3.11 (c),
indicating that energy localizations in a metamaterial system result from a cooperative
response of the ASR plasmonic resonators. Thus, the numerical dipole model not only
provides physical insight into the energy localization eﬀect via the coherent control
process, but also calculates the eﬀect of various phase modulations over an area. This
area is larger than the one which can be feasibly modelled using COMSOL. A detailed
description of the numerical dipole model is given in Appendix A.82 3. Coherent control of nanoscale light localization with metamaterials
Figure 3.17: Simple model of ﬁeld localization in metamaterial system. Simu-
lation results. Color maps (a) and (b) show the intensity and phase of excitations within
the model of individual interacting dipoles representing the meta-molecules of array.
However, such a numerical model based on the dipolar interactions of an array of
nanoscale plasmonic resonators cannot provide information about the surface current
distributions to ﬁgure out the resonant modes of the meta-molecules at corresponding
excitation wavelengths. Thus, before using this novel numerical model to optimize
the coherent control process with various phase proﬁle modulations and acquire an
isolated energy hot-spot located in a wide ﬁeld of view, simulations of the far-ﬁeld
optical spectra and the analyses of the surface current distributions on diﬀerent types
of nanoscale plasmonic resonators array need to be conducted ﬁrst.
3.5.2 The feasibility of the modulated ﬁeld with a sinusoidal phase
proﬁle
To examine the feasibility of the modulated ﬁeld E(X,Y ) with a sinusoidal phase
proﬁle modulation in the far-ﬁeld, a Fourier transform of the modulated ﬁeld E(X,Y )
has been taken to decompose the ﬁeld into a combination of harmonics as follows.
E(X,Y ) =E0eiφ(X,Y ) =
∑
m,n
C(m,n)eimσXeinσY (3.6)3.5. Physical insight into the coherent control process and feasibility of the phase
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Therefore, the modulated ﬁeld E(X,Y ) can be expanded as follows.
E(X,Y ) =C(0,0) (3.7)
+ C(1,0)eiσX + C(0,1)eiσY + C(−1,0)e−iσX + C(0,−1)e−iσY (3.8)
+ C(1,1)eiσ(X+Y ) + C(1,−1)eiσ(X−Y ) + C(−1,1)eiσ(−X+Y )
+ C(−1,−1)e−iσ(X+Y )
(3.9)
+ C(2,0)eiσ(2X) + C(0,2)eiσ(2Y ) + C(−2,0)eiσ(−2X)
+ C(0,−2)eiσ(−2Y )
(3.10)
+ C(2,1)eiσ(2X+Y ) + C(1,2)eiσ(X+2Y ) + C(−1,2)eiσ(−X+2Y )
+ C(−2,1)eiσ(−2X+Y ) + C(−2,−1)eiσ(−2X−Y )
+ C(−1,−2)eiσ(−X−2Y ) + C(1,−2)eiσ(X−2Y ) + C(2,−1)eiσ(2X−Y )
(3.11)
+ C(2,2)eiσ(2X+2Y ) + C(−2,2)eiσ(−2X+2Y
+ C(−2,−2)eiσ(−2X−2Y ) + C(2,−2)eiσ(2X−2Y )
(3.12)
+ ...... (3.13)
Here, σ = 2π/(L), L is the length of a periodic boundary. Formula (3.7) stands for
the constant component, and Formulas (3.8) to (3.12) respectively represent compo-
nents with absolute (transverse) wavenumber |⃗ q|=σ, |⃗ q|=
√
2σ, |⃗ q|=2σ, |⃗ q|=
√
5σ, and
|⃗ q|=2
√
2σ. Anything beyond (3.12) will have components with transverse wavenumber
|⃗ q| greater than 2π/(λ) and cannot propagate to the far-ﬁeld region.
Therefore, to conﬁrm that the nanoscale light localizations can still be created on
the metamaterial landscape, modulated phase proﬁles are constructed with the retained
propagating components |m,n| ≤ 2 to ensure that only physically reasonable ﬁelds are
used in the simulations. As shown in Fig. 3.18, two calculations are conducted to
examine the intensity distributions by illuminating a modulated light beam with (a) an
ideal sinusoidal phase proﬁle and (b) an approximation using a combination of Fourier
components. The good agreement indicates that the modulated ﬁeld E(X,Y ) can be
created by a far-ﬁeld phase modulating device such as an SLM.84 3. Coherent control of nanoscale light localization with metamaterials
Figure 3.18: The feasibility of the sinusoidal modulated ﬁeld. Simulation results.
An array of interacting meta-molecules illuminated by a modulated light beam with (a)
sinusoidal phase proﬁle and (b) a combination of Fourier components of the modulated
ﬁeld with the retained components |m,n| ≤ 2 (ﬁrst 6 lines in the expanded form). The good
agreement between the two calculations indicates that the modulated ﬁeld E(X,Y ) can be
created by a far-ﬁeld phase modulating device such as an SLM.
Up to this point, we have shown that, through the coherent control process, evanes-
cent ﬁeld energy can be localized almost entirely at isolated meta-molecules while
groups of neighboring meta-molecules remain unexcited. By simply adjusting the spa-
tial phase proﬁle of the incident light beam, the nanoscale hot-spots can be moved
from one meta-molecule to another, providing an eﬃcient technique for subwavelength
scale optical control and manipulation in a metamaterial system. In contrast with lo-
calization techniques relying on laser-pulse excitation [26], our method is based on a
continuous-wave source and does not need to depend on a transient redistribution of
energy between nano-objects. Therefore, it makes the localization in a meta-material
system much simpler to implement. Moreover, it does not require a complex or spatially
inhomogeneous nanoscale system; instead it works with periodic, regular planar array
of identical nano-objects, opening up opportunities for high-resolution microscopy and
data storage applications.
Regarding the subwavelength light localization eﬀect, although our computational
capabilities do not allow us to conduct numerical modeling of driving ﬁelds modulated
at a larger scale which would involve modeling of a larger array of meta-molecules, we ar-
gue that in principle a similar nanoscale light localization can take place in larger arrays
where individual energy hot-spots are localized in much larger dim areas. Moreover, the
nanoscale light localization can be further improved by appropriately selecting nano-
scale resonators on metamaterial arrays and the unit cell size or by controlling Joule3.6. Experimental conﬁguration 85
losses from the component material. For instance, the nanoscale resonators can be per-
forated on a silver thin ﬁlm instead of gold, which enhances the long-range interactions
between meta-molecules.
3.6 Experimental conﬁguration
To experimentally demonstrate the idea of the coherent control process of nanoscale
light localizations in metamaterials, we use a phase-modulating-only liquid crystal SLM
to modulate the phase proﬁle of an incident light beam, illuminating a negative square
ASR metamaterial array. The characteristic features of the coherent control process
and the nanoscale energy localizations will be examined and measured by a SNOM
system. The resonant features of a fabricated negative ASR metamaterial sample and
the experimental system with a SNOM and an SLM will be illustrated below.
3.6.1 A negative square ASR metamaterial and its far-ﬁeld optical
spectra
Regarding the metamaterial samples used for the demonstration of the coherent control
process, we select the negative square ASR metamaterial array due to convenience of
sample fabrication and the obvious isolated intensity peaks obtained in the simulation
results. As for the metamaterial sample fabrications, the ASR meta-molecule array
has the same dimensions as described in the models and is fabricated with the help
from Mr. J. Y. Ou from the Optoelectronics Research Centre in the University of
Southampton. As shown in Fig. 3.19 (a), the interacting ASR meta-molecules are
fabricated on a gold ﬁlm of 50 nm thickness deposited on a transparent silica substrate
and perforated by focused ion beam (FIB) milling with 25 nm nanoslits arranged in a
split square shape of 200 ×200 nm2. The metamaterial sample is composed of a square
negative ASR pattern with a lattice period of 440 ×440 nm2 and the overall area of
the metamaterial array is 50 ×50 m2, consisting of 1.2×104 meta-molecules. The X-
and Y -axis indicate the polarization directions. Fig. 3.19 (b) shows an SEM image of
a 6 × 6 fragment of a fabricated ASR metamaterial sample.86 3. Coherent control of nanoscale light localization with metamaterials
Figure 3.19: Negative square ASR meta-molecules as an array of nanoscale
plasmonic resonators. An array of negative square ASR meta-molecules is used as
the nanoscale plasmonic resonator in the experimental demonstration of the coherent con-
trol process. The interacting ASR meta-molecules are fabricated on a gold ﬁlm of 50 nm
thickness deposited on a transparent silica substrate and perforated by focused ion beam
(FIB) milling with 25 nm nanoslits arranged in a split square shape of 200 ×200 nm2 as
the schematic diagram in plate (a) shows. The unit cell size of the ASR meta-molecules is
440 ×440 nm2. Plate (b) shows an SEM image of part of a fabricated ASR metamaterial
sample, while the X- and Y -axis indicate the polarization directions.
By using a microspectrophotometer (CRAIC Tech., QDI 2010) with a white light
source normally incident on the ASR metamaterial sample, the far-ﬁeld optical trans-
mission and reﬂection spectra under the Y -polarized excitation can be acquired as the
blue lines in Fig. 3.20 (a) and (b) show, respectively. The absorption spectrum in
Fig. 3.20 (c) is determined by subtracting the transmission and reﬂection spectra from
a total amount. The experimental (blue lines) and the simulated (red lines) far-ﬁeld
optical spectra show very a good agreement and a well-deﬁned plasmonic absorption
resonance can be found at around the wavelength of 930 nm, corresponding to a local
minimum in reﬂection and maximum in transmission. Here, the resonant wavelength
is slightly longer than that in the previous simulation results due to the existence of
a silica substrate. According to the surface current distributions and the discussions
of the resonant modes, the resonance of the fabricated ASR meta-molecules at the
wavelength of 930 nm is a magnetic dipole mode.3.6. Experimental conﬁguration 87
Figure 3.20: Comparisons between the experimental measurements and nu-
merical simulations of the far-ﬁeld optical spectra of a negative square ASR
metamaterial array. With normally incident white light illumination on a negative
square ASR metamaterial array under Y polarization, the transmission and reﬂection op-
tical spectra can be acquired as the blue lines shown in plates (a) and (b) respectively, while
the absorption spectrum as shown in plate (c) is obtained by subtracting the transmission
and reﬂection from a total amount. The array of the ASR meta-molecules has the same
dimension as the fabricated metamaterial sample. Comparison with the simulated far-ﬁeld
optical spectra as the red lines indicate in plates (a) to (c) show good agreement and a well-
deﬁned plasmonic absorption resonance can be found at the wavelength of 930 nm. The
green dashed line shows the excitation wavelength used in the experiments.
3.6.2 Phase proﬁle modulation
Fig. 3.21 schematically shows the experimental conﬁguration for the coherent control
process, including an SLM (Holoeye, PLUTO, 1920×1080 pixels, 8 m/pixel) for mod-
ulating the incident light beam, a set of optics for demagnifying the modulated phase
pattern illuminated to the required spatial period on the surface of a metamaterial
array and a SNOM system (Omicron Co., Twin-SNOM) for near-ﬁeld scanning of the
nanoscale light localizations with a SNOM probe and far-ﬁeld observation with a CCD88 3. Coherent control of nanoscale light localization with metamaterials
camera connected to a conventional microscope. The light source we use in the exper-
iments is a laser diode (Thorlabs, Max. power: 100 mW), operating at the wavelength
of 852 nm with a bandwidth of 0.5 nm. Such a narrow bandwidth is required to prevent
the chromatic aberration from the SLM which we use for the phase modulations.
Figure 3.21: Mapping nanoscale light localizations of the coherent control pro-
cess in an array of interacting meta-molecules. Schematic diagram of experimental
conﬁgurations. An incident monochromatic light beam from a laser diode light source at
the wavelength of 852 nm is polarized in the Y direction and expanded to homogeneously
illuminate an activated SLM through a linear polarizer and a 5X beam expander. The pix-
els on the SLM are controlled by a computer, giving the required phase modulations to an
incident light beam.
The reason for using the light source with a wavelength of λ = 852 nm instead of
the resonant wavelength of 930 nm obtained in the far-ﬁeld spectral measurements to
excite the interacting ASR meta-molecules array is because of the working wavelengths
of a photon multiplier tube (PMT; Hamamatsu Co., H9305-02) employed in the SNOM
mapping system. The range of the working wavelengths of this PMT is from 185 nm to
900 nm. Considering that the excitation wavelength has to be close to the plasmonic
absorption peak (930 nm) and the generated nanoscale energy distributions must be
detected by the PMT for the SNOM mapping, the wavelength of λ = 852 nm as the
green dashed lines indicate in Fig. 3.20 is selected for examining the coherent control
process of nanoscale light. Although this excitation wavelength is not exactly at the
correct resonant frequency, nanoscale energy concentrations and intensity peaks can
still be observed in the experiments.3.6. Experimental conﬁguration 89
A sinusoidal phase proﬁle as described in the simulation models is used to demon-
strate the coherent control process of nanoscale energy localizations in a metamaterial
system. The targeted phase modulation on the metamaterial array is spatially varied
along the X and Y directions with a lattice period equal to the size of six unit cells of
the metamaterial array and has the following form
E(X,Y ) = E0eiφ(X,Y ), φ(X,Y ) = (
∆φmax
2
)sin(
2π
6a
X)sin(
2π
6a
Y ), (3.14)
where a = 440 nm is the unit cell of the interacting ASR meta-molecules and thus the
spatial period of the modulated sinusoidal phase proﬁle is 2.64 m both in the X and
Y directions. ∆φmax denotes the maximum phase angle diﬀerence. The phase proﬁle
pattern on the metamaterial array is the Fourier transform of the pattern displayed
on the SLM. To calculate the pattern displayed on the SLM, the numerical Fourier
transform of Equ. (3.14) is taken. Considering the magniﬁcation given by the lenses
and the objective, the corresponding amplitude and phase of the pattern on the SLM
can be obtained through a computer control of the SLM. To generate the sinusoidal
phase proﬁle, 1080 × 1080 pixels on the SLM are activated and a light beam with a
sinusoidal phase proﬁle modulation can be generated.
By passing through a linear polarizer and a 5X beam expander, the incident monochro-
matic light beam from a laser diode light source is polarized into the correct state to
excite the interacting meta-molecules and expanded to homogenously illuminate the
operating pixels on SLM. The required spatially-varying phase proﬁle of the light beam
with diﬀerent modulation depths can be routinely achieved by the SLM. After pass-
ing through the arranged lenses, lens 1 (focal length: 1000 mm), lens 2 (focal length:
400 mm), and the 40X objective, the modulated light beam is demagniﬁed to the size of
the fabricated ASR metamaterial (50 ×50 m2). Thus, a sinusoidal phase proﬁle with
a spatial period of 2.64 m can be obtained as it arrives on the metamaterial sample.
Regarding a considerable concern about such a sinusoidal phase proﬁle modulation,
as discussed in Section 3.5.2, only series components with |m,n| ≤ 2 are retained
to propagate to the sample. Nevertheless, the required sinusoidal phase proﬁle can
still be formed to excite the nanoscale resonator, generating energy hot-spots on the
metamaterial landscape. Fig. 3.22 shows the experimental setup for SNOM mapping.90 3. Coherent control of nanoscale light localization with metamaterials
The plasmonic metamaterial sample is illuminated with the modulated light beam. A
quick intensity distribution on the metamaterial surface can be observed by the CCD
camera. Also, for the investigation of the nanoscale light localization, a SNOM is
used in collection mode and polarization-insensitive metal-coated SNOM tapered ﬁbre
probes (Jasco Inc.) with ∼ 80 nm aperture are employed to investigate the intensity
distribution in the immediate proximity of the interacting meta-molecules array.
Figure 3.22: The existing experimental setup. The wavelength of an incident light
beam is λ = 852 nm and the bandwidth of this light source is 0.5 nm. The two lenses
de-magnify the modulated light beam into the size of the metamaterial sample. A quick
observation of the intensity distribution can be obtained by the CCD camera. Also, for
the investigation of nanoscale light localization, a SNOM probe can be employed to directly
measure the intensity distribution on the metamaterial landscape.3.7. Coherent control of nanoscale light localization in metamaterial: experimental
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3.7 Coherent control of nanoscale light localization in meta-
material: experimental demonstration
With the experimental conﬁgurations and the fabricated ASR metamaterial sample
described above, the main features of the coherent control of nanoscale energy local-
izations can be experimentally demonstrated as the results in Fig. 3.23 and Fig. 3.24
show. First, regarding the energy concentrations on a few meta-molecules as a function
of the modulation depth of the free space spatial phase proﬁle, the CCD images shown
in Fig. 3.23 (a) to (c) represent the energy distributions under Y polarized illumina-
tion of the ASR metamaterial landscape with maximum phase diﬀerence ∆φmax of the
modulated sinusoidal phase proﬁle varying from 0 to π. Here, the CCD images are
segments which are cut from the original results and have a size corresponding to one
spatial period of the modulated sinusoidal phase proﬁle both in the X and Y directions,
i.e. six unit cells of the ASR meta-molecules or 2.64 m. The green grids on the images
indicate the boundaries of the ASR meta-molecules. From the results, we can know
that with a ﬂat wavefront of the incident beam (∆φmax = 0), all meta-molecules in
the array are excited equally, showing a nearly homogeneous intensity distribution on
the metamaterial landscape as illustrated in Fig. 3.23 (a). By increasing the modula-
tion depth of the sinusoidal phase proﬁle, Fig. 3.23 (b) and (c) show that the energy
progressively concentrates at two opposite quadrants of a 6 × 6 section of the meta-
material array at a distance of 3
√
2 unit cells apart. The energy concentrations on a
few meta-molecules through the coherent control process can be observed in the CCD
images Fig. 3.23 (a) to (c); however, the perceived size of the nanoscale energy hot-spot
is limited by the microscope resolution.
To investigate the actual size of the nanoscale energy hot-spots located on a few
meta-molecules, near-ﬁeld optical mappings have been conducted. By approaching a
SNOM tip with an aperture of 80 nm to the immediate proximity of the ASR meta-
material and linearly shifting the sample translation stage, the energy hot-spots are
revealed and located on certain meta-molecules. The intensity of the energy hot-spots
reaches to its maximum as the maximum phase diﬀerence of the modulated sinusoidal
phase proﬁle is ∆φmax = π. The result of near-ﬁeld optical mapping on the excited
ASR meta-molecule is shown in Fig. 3.23 (f), while Fig. 3.23 (e) displays the corre-92 3. Coherent control of nanoscale light localization with metamaterials
sponding topographic measurement of the ASR meta-molecule. The size of the energy
hot-spot is around 184 nm ×147 nm (0.22 λ×0.17 λ) and thus the near-ﬁeld is modu-
lated at a scale that is 25 times smaller than the scale at which the incident free space
ﬁeld is modulated. This result conforms to the full 3D Maxwell calculation as the inset
in Fig. 3.23 (d) shows, which places the hot-spot at the middle of the short slit of the
meta-molecule. As predicted by the theoretical calculations, the localization eﬀect can-
not be observed at excitation wavelengths away from the absorption resonance, which
has been conﬁrmed by SNOM measurements at a wavelength of λ = 660 nm.
Figure 3.23: Experimental demonstration of the coherent control of light lo-
calization in a plasmonic mesometrial. Nanoscale light localizations in a plasmonic
metamaterial are observed with an optical microscope and a SNOM. Figures (a) to (c)
show the transmission optical microscope images of the ASR nanostructures illuminated
with coherent laser radiation at λ = 852 nm at diﬀerent wavefront distortions: (a) plane
wave illumination, (b) harmonic phase modulation with period of six lattice cells (2.64 m)
and ∆φmax = π/2, and (c) for ∆φmax = π, when the maximum localization is achieved.
Note that the optical microscope does not reveal the actual size of the energy hot-spots.
Figures (d) and (e) represent the SEM image of the plasmonic metamaterial array and
topographic image of the individual unit cell (440 ×440 nm), respectively. (f) shows the
intensity distribution measured by the SNOM, as predicted by full 3D Maxwell calculations
in the inset to ﬁgure (d).3.7. Coherent control of nanoscale light localization in metamaterial: experimental
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In terms of controlling the subwavelength light localizations with a nanoscale foot-
print, Fig. 3.24 illustrates how the energy hot-spot can be repositioned on the “meta-
material chessboard”. By simply shifting the modulated sinusoidal phase proﬁle of the
driving beam φ(X,Y ) = (∆φmax/2)sin((2π/6a)(X + δX))sin((2π/6a)(Y + δY )) with
digital steps δX and δY , i.e. integer multiples of the lattice period of the metamater-
ial sample, the targeted energy hot-spot (the red dot in Fig. 3.24 (a)) is repositioned
across the metamaterial landscape, from one meta-molecule to another. The results
demonstrated in Fig. 3.24 (a) to (f) show a sequence of translations, two steps along ˆ x
and then three steps along -ˆ y.
Figure 3.24: Repositioning the energy hot-spot across the metamaterial land-
scape with digital fashion. Repositioning the energy hot-spot across each meta-molecules
on the metamaterial landscape by shifting the phase proﬁle of the driving beam along x and
y directions. CCD image (a) shows the energy hot-spots can be positioned 3aˆ x+3aˆ y apart
at the resonant conditions of λ = 852 nm and ∆φmax = π. The red dot indicates the initial
location of the targeted energy hot-spot. CCD images (b) to (f) show the process of moving
the targeted hot-spot at chosen meta-molecules in this space by simply shifting the phase
proﬁle of the driving beam. (f) shows that the energy hot-spot has been moved from (0,0)
to (2,-3) step by step.94 3. Coherent control of nanoscale light localization with metamaterials
The experiments reported above conﬁrm the viability of nano-focusing through
coherent control on a 6 × 6 fragment of the metamaterial array. We suggest that
meta-molecular interactions can help localize light at a much smaller scale than the
required wavefront modulation. Using this approach, localization can be controlled in
the neighborhood of meta-molecules that is covered by the extent of the interactions.
Previous measurements conducted with arrays of ASR of diﬀerent size [204] indicated
that the interaction neighborhood would increase with the reduction of Joule losses in
the system. Therefore one can expect that the nano-focusing mechanism will work even
better with lower loss plasmonic materials such as silver or in the near-infrared part of
the spectrum where plasmonic Joule losses are smaller. These improvements will oﬀer
a much bigger photonic chessboard for manipulation of the near-ﬁeld.
Although the repositioning of the targeted energy hot-spot in a digital fashion can
be performed by simply adjusting the phase proﬁle of an incident light beam, a slight
intensity diﬀerence still can be observed in Fig. 3.24, where the targeted hot-spot is
located on diﬀerent meta-molecules. Such a diﬀerence may result from a little dis-
location of the interacting meta-molecules’ position, which causes a variation of the
inter-meta-molecular interactions. Furthermore, considering the fact that interaction
between meta-molecules is a complex process to generate a nanoscale light localization,
the spectral selection of an excitation wavelength by a normal incident wave illumi-
nation on a planar metamaterial may not be the most applicable way to obtain the
strongest subwavelength energy hot-spot. A spectral investigation on an array of in-
teracting meta-molecules with a modulated light beam illumination may give further
information on the choice of excitation wavelength.
3.8 Conclusions
In conclusion, through studies above, we have both theoretically and experimentally
demonstrated the coherent control of light localization in photonic metamaterial. By
illuminating an array of interacting plasmonic resonators with a coherent continuous
light beam with a tailored spatial variation of the phase proﬁle, well-isolated energy
hot-spots can be created and positioned at chosen meta-molecules on the metamaterial
landscape.3.8. Conclusions 95
In contrast with other recent plasmon interference technique that oﬀered diﬀraction-
limited hot-spots [29], our method generates subwavelength hot-spots that are substan-
tially smaller with a footprint reported ∼ 0.04 λ2 here, which can be beneﬁcial not only
for imaging but also for nonlinear and switching applications. Another distinct feature
of our approach is that the hot-spot can be moved and repositioned in a quantized fash-
ion, from one meta-molecule to another, in steps of the lattice period (about λ/2). Such
quantization of the hot-spot location makes this method rather attractive for digital
applications. We also expect that an increase of the positioning resolution may occur
with further progress in photonic metamaterials. However, even though an SLM can
synthesize complex wavefront of the free space beam at will, there remains a challenge
to develop algorithms that will allow arbitrary patterns of near-ﬁeld hot-spots to be
written on the metamaterial array. In this way, substantial opportunities can be cre-
ated for optical data storage, nanophotonic circuits addressing, and nanoluminescent
bio-assay labelling.4
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4.1 Synopsis
After discussing nanoscale light localizations created and controlled in the near-ﬁeld
region, this chapter will report on the use of nanohole arrays as super-oscillating bi-
nary masks to generate subwavelength focused spots beyond the near ﬁeld. Moreover,
to generate an isolated energy hot-spot within a wide ﬁeld of view, nanoholes with
diﬀerent arrangements will be considered and the generated diﬀraction patterns above
the nanohole arrays will be systematically analysed.
In Section 4.2, a brief introduction of optical super-oscillation will be given and
preceding investigations of using a 5-fold symmetry quasi-periodic nanohole array as
a super-oscillating binary mask will be summarized. In Section 4.3, the diﬀraction
patterns generated above periodic, quasi-periodic and radially quasi-periodic nanohole
arrays will be discussed and compared. In Section 4.4, two kinds of radially quasi-
periodic nanohole arrays − 20-fold and 27-fold symmetry − will be designed to test and
compare their focusing abilities both experimentally and theoretically. To extensively
investigate the use of a quasi-periodic nanohole array as a light concentrator, discussions
on design parameters and illumination wavelengths will be included in Section 4.5. In
Section 4.6, conclusions to this chapter will be presented.
4.2 Light focusing by a super-oscillating binary mask
While trying to recover or enhance the evanescent ﬁelds to achieve subwavelength ﬁeld
localizations in the optical domain, all experiments must take place in a range very
close to the sample surface, consequently restricting their practical uses. To remove
the limit, here we will adopt the idea of optical super-oscillation, which can achieve
subwavelength concentrations of light beyond the near ﬁeld [8–10,146]. According to
M. V. Berry et al. ’s work, the super-oscillating ﬁeld can be created by a proper com-
bination of the Fourier components in an optical system and in principle the size of the
generated super-oscillating energy hot-spots can be arbitrarily small [9]. Such an idea
was experimentally accomplished by F. M. Huang et al. through the use of a nanohole
array on a metal screen with a quasi-periodic arrangement as a super-oscillating bi-
nary mask [10,146]. Following their studies, in this thesis, we will mainly test nanohole
arrays with diﬀerent quasi-periodic arrangements and observe the corresponding diﬀrac-4.2. Light focusing by a super-oscillating binary mask 99
tion patterns generated above the arrays. Related techniques used in the investigations
of the super-oscillating binary masks and several major ﬁndings will be summarized
below.
4.2.1 Algorithms for generating quasi-periodic patterns on a 2D plane
In this thesis, two ways are employed to acquire the nanoholes’ positions in quasi-
periodic patterns on a 2D plane. One is the multigrid method and the other is based on
the projection of a hypercubic lattice [205–208]. In the multigrid method, quasi-periodic
nanohole arrays with N-fold rotational symmetry can be obtained by converting the
voids and vertices which are constructed from N sets of parallel lines. The N sets of
parallel lines are arranged overlapped and each set is rotated by 2π/N radians. Fig. 4.1
(a) shows a schematic diagram of an example for N = 5. The 5 parallel lines sets
are arranged overlapped and the angle between neighboring lines sets is 2π/5 = 72◦.
Two basic types of constituent tilings, (i) and (ii), with 5 diﬀerent orientations (ei,
i = 1,2,..,5) are formed by the overlapped lines sets. By converting the vertices and
their related tilings, a quasi-periodic sequence can be obtained and a 5-fold symmetry
quasi-periodic tiling can be generated as displayed in Fig. 4.1 (b). As for the cut and
projection method, a hypercubic lattice in N-dimensions is projected onto a 2D plane
by slicing the lattice at an arbitrary angle. If the plane is selected to pass through one of
the points in the N-dimensional hypercubic lattice, the resulting quasi-periodic pattern
will have N-fold rotational symmetry around that point. This idea is illustrated by a
schematic diagram of the projection of a cubic lattice onto a sliced plane in Fig. 4.1
(c) and the inset in Fig. 4.1 (c) shows the result of the projection of a 5-dimensional
hypercubic lattice onto a 2D plane. Both the methods above can generate the same
coordinates of nanoholes on a quasi-periodic pattern, while Fig. 4.2 (a) to (c) show
several examples of generated quasi-periodic patterns with diﬀerent orders of rotational
symmetry.100 4. Subwavelength light localization beyond the near ﬁeld
Figure 4.1: Algorithms for generating quasi-periodic patterns on a 2D plane.
Schematic diagrams. (a) shows a 5-fold symmetry quasi-periodic pattern generated by the
multigrid method. 5 sets of parallel lines are arranged overlapped with equal angle of 2π/5
radian and two types of constituent tilings, (i) and (ii), with ﬁve diﬀerent orientations
(ei) can be obtained by the intersection of any two of the parallel line sets. By converting
the vertices and their related tilings, a quasi-periodic sequence can be obtained and a 5-
fold symmetry quasi-periodic pattern can be generated on a 2D plane as shown in (b). (c)
schematically illustrates the projection method which can be used to generate quasi-periodic
patterns as well. The inset obtained from Ref. [209] shows a projection of a 5-dimensional
hypercubic lattice onto a 2D plane.
Figure 4.2: Patterns of quasi-periodic nanohole arrays with diﬀerent orders
of rotational symmetry. Schematic diagrams. Plates (a) to (c) schematically show the
fragments of generated quasi-periodic nanohole arrays’ patterns with 5-fold, 13-fold and
20-fold rotational symmetry, respectively. The coordinates of nanoholes (white dots) are
obtained by the multigrid method using JcrystalSoft Nanotube Modeler [210].
4.2.2 Experimental setup for mapping diﬀraction patterns
To map the ﬁeld distributions created by a nanohole array, two experimental arrange-
ments are designed to obtain the diﬀraction patterns at diﬀerent distances away from
the array’s surface. Fig. 4.3 shows the schematic diagram, including (a) a conventional4.2. Light focusing by a super-oscillating binary mask 101
optical microscope equipped with a CCD device with Z control of 1 m resolution,
and (b) a SNOM ﬁbre tip equipped with a nanoscale Z control between the tip and
the array’s surface. In our SNOM setup, the maximum distance SNOM probe can be
lifted from the array’s surface is 16 m. Regarding the optical sources, illumination
wavelengths can be selected by using a super-continuum laser with several band-pass
ﬁlters or diode lasers with diﬀerent optical frequencies. By passing light through a set of
mirrors and collimators, the nanohole array samples can be illuminated homogeneously.
Figure 4.3: Schematic representation of the experimental conﬁguration for
diﬀracted ﬁeld distribution mapping. Schematic diagram. To map the ﬁeld distribu-
tions above nanohole arrays, two approaches are available in our experimental setup. One
is the use of a conventional optical microscope equipped with a CCD device; the other is
the exploitation on a SNOM with a precise distance Z control between a SNOM scanning
probe and the array’s surface.
4.2.3 Theoretical calculations of ﬁeld distribution maps through the
scalar angular spectrum method
The scalar angular spectrum method is used to calculate ﬁeld intensity maps at diﬀerent
distances away from the array’s surface [97,105]. The calculations are based on the
diﬀraction theory employing the angular spectrum representation of the diﬀracted ﬁeld.102 4. Subwavelength light localization beyond the near ﬁeld
The diﬀracted ﬁeld distribution at a distance Z away from the nanohole array’s surface
can be expressed as
E(X,Y,Z) =
∫∫
F(κx,κy)e−i(κxX+κyY )e−iZ
√
κ2−κx2−κy2
dκxdκy, (4.1)
where κ is the wavevector of light and F(κx,κy) is the Fourier components of the
electromagnetic ﬁeld at the plane of the nanohole array, Z = 0.
The calculation results shown in Fig. 4.4 are compared with F. M. Huang’s exper-
imental results [10] in Fig. 4.5. As we can see, the calculated ﬁeld maps at diﬀerent
characteristic distances correspond well to the experimental measurements. Such con-
sistency suggests that the ﬁeld distribution maps are reconstructed by the light diﬀrac-
tion from the related nanohole array, and that the ﬁeld maps above diﬀerent types of
nanohole arrays can be reliably obtained through the scalar angular spectrum method.
Figure 4.4: Calculated ﬁeld maps at diﬀerent heights Z above a 5-fold sym-
metry quasi-periodic nanohole array. Calculation results. Field maps (a), (b) and
(c) are obtained by the scalar angular spectrum method with calculations at distances of
10 m, 14 m and 16 m away from the array’s surface, respectively. Each ﬁeld map is
30 ×30 m2 and the illumination wavelength is 500 nm. Note the theoretical calculations
of the diﬀraction patterns are in line with the experimental results, which are shown in
Fig. 4.5.4.2. Light focusing by a super-oscillating binary mask 103
Figure 4.5: Field distribution mappings at diﬀerent heights Z above a 5-fold
symmetry quasi-periodic nanohole array. The maps are obtained from Ref. [10].
Maps (a), (b) and (c) were measured at height Z of 10 m, 14 m and 16 m, respectively.
Each scanning area was 30 ×30 m2. The images were obtained by a SNOM using illumi-
nation wavelength of 500 nm. Note that highly sparse hot-spots were observed at Z = 16 m
and the distance between adjacent hot-spots was around 9 m.
4.2.4 Rich spectral components in the reciprocal plane of a quasi-
periodic arrangement
The reasons for using a quasi-periodic nanohole array instead of a periodic one are
explained as follows.
The diﬀracted ﬁeld distributions above a nanohole array originate from a recon-
struction of spatial frequencies contained in the array’s ﬁeld. Furthermore, according
to W. D. Montgomery’s work [211], a diﬀracted ﬁeld distribution will show a full re-
construction of the array’s pattern at a height Z if its spatial frequencies are discrete
and located in the reciprocal plane at rings of radii ρ,
ρ2 = 1/λ2 − (m/Z)2, (4.2)
where m is an integer and 0 ≤ m ≤ (Z/λ). λ is the wavelength of an incident wave. A
periodic nanohole array is an example of a self-imaging object. As shown in Fig. 4.6
(a), the spectral components of a regular nanohole array in the reciprocal plane are sets
of equidistant dots and have equal magnitude. Montgomery’s condition is fulﬁlled for
all spectral maxima and a self-imaging pattern can be generated at distance Z away
from the array’s surface. In contrast to the periodic case, a 5-fold symmetry quasi-
periodic nanohole array displays a rich spatial frequency spectrum as shown in Fig. 4.6
(b), which lies between the dotted and ring spectra of regular and circular grating,104 4. Subwavelength light localization beyond the near ﬁeld
respectively. Several signiﬁcant spectral components are located on Montgomery’s rings
in the reciprocal plane of the array’s ﬁeld, indicating that the Montgomery’s condition
can be fulﬁlled, but not all of spectral components simultaneously contribute
to reconstruct the array’s ﬁeld. Moreover, the diﬀerence on the color depth in
the reciprocal plane indicates the diﬀerent magnitude of spectral components. Such
a diﬀerence means that the weights of the spectral components, which are used to
reconstruct a diﬀraction pattern, are varied at diﬀerent heights Z. Thus, reconstruction
of a quasi-periodic nanohole array is a complex diﬀraction process because it involves
a superposition of a large number of partial reconstructions happening at diﬀerent
heights from the array. Despite its sophistication, as distance Z varies from the array,
a continuous evolution of partially reconstructed images of the array can be observed
and well-deﬁned sparsely distributed foci as energy hot-spots can be seen at some proper
distances and wavelengths as shown in Fig. 4.5 (c). The subwavelength nature of these
hot-spots is due to the eﬀect of achieving rapid changes of a ﬁeld known as optical
super-oscillation.
Figure 4.6: Comparison of the reciprocal plane between a periodic and a quasi-
periodic nanohole array’s ﬁeld. Reciprocal planes of the (a) periodic (4-fold) and (b)
5-fold symmetry quasi-periodic nanohole array. Red dashed circles in (b) show several
Montgomery’s rings. Note that the spectral components on a reciprocal plane of a regular
nanohole array’s ﬁeld (a) have the equidistance and the same magnitude between the spectral
maxima. However, the spectral maxima on a reciprocal plane in a quasi-periodic case (b)
exhibit a rotationally symmetric distribution and the distances between the spectral maxima
are not the same. The diﬀerence on the color depth of the spectral maxima also indicates
that weights of the spectral components are diﬀerent at diﬀerent heights Z.4.3. Diﬀerent types of nanohole arrays 105
The key reasons for using a quasi-periodic nanohole array as a super-oscillating
binary mask are as follows:
• A quasi-periodic nanohole array can be used as a super-oscillating binary mask
for its rich spatial frequency spectrum in the reciprocal plane.
• At a certain distance away from the array, sparsely distributed energy hot-spots
can be created and separated by few micrometers.
• By using the algorithms for generating quasi-periodic patterns and the scalar
angular spectrum method, a new quasi-periodic nanohole array can be designed
and the ﬁeld distribution above the arrays can be obtained without the need to
manufacture the array.
With these well-developed techniques, a series of studies of diﬀerent types of nanohole
arrays will be conducted theoretically and experimentally as described in Section 4.3
and Section 4.4, with the aim of achieving a smaller energy hot-spot located in a much
wider ﬁeld of view for practical applications.
4.3 Diﬀerent types of nanohole arrays
There are two primary objectives in the study of using nanohole arrays to obtain sub-
wavelength light localizations in the far-ﬁeld region. One is to understand the relation
between the arrangements of nanoholes and the generated diﬀraction patterns above
the nanohole arrays; the other is to achieve a subwavelength energy hot-spot within a
wide ﬁeld of view generated by a properly designed super-oscillating binary mask. To
realise both of the above goals, diﬀerent types of nanohole arrays are considered and
will be systematically studied based on the categories including periodic, quasi-periodic
and radially quasi-periodic nanohole arrays.
4.3.1 Nanohole arrays with periodic arrangements and the Talbot
eﬀect
The nanohole arrays with arrangements of 4-fold (periodic translation in the X and Y
directions) and 6-fold (hexagonal) symmetry are regarded as periodic nanohole arrays,106 4. Subwavelength light localization beyond the near ﬁeld
whose patterns are partially shown in schematic diagrams in Fig. 4.7 (a) and (b) re-
spectively. In the calculations, each of the nanohole arrays is designed to be included
in an area of 50 ×50 m2 and the diameter of nanoholes is 200 nm. With plane wave
illumination, several diﬀracted ﬁeld distributions will show reconstructions of the ar-
ray’s pattern and repeatedly occur at regular distances away from the nanohole array.
This phenomenon is called the Talbot eﬀect and the regular distance between repeated
diﬀracted images is deﬁned as the Talbot distance ZT, which can be found by the
following formula,
ZT =
a2
λ
, (4.3)
where a is the period of the nanoholes and λ is the wavelength of light incident on the
nanohole array.
Figure 4.7: Patterns of nanohole arrays with periodic arrangements. (a) shows
the pattern of a nanohole array with periodically translational symmetry both in the X
and Y directions (4-fold) with the period of a1, while (b) shows a hexagonal arrangement
(6-fold) with the equal distance a2 to the neighboring nanoholes. The green dashed squares
indicate a zoom-in area as shown in the insets on both ﬁgures.
A series of calculations based on the use of a 4-fold symmetry nanohole array as
an example will be conducted to demonstrate the Talbot eﬀect. Such a nanohole array
has a laterally periodic distribution in the nanohole arrangement and the period of the
nanoholes a1 is 1 m as the fragment shown in Fig. 4.8 (a). In the calculations, all
the nanoholes of 200 nm in diameter are included in an area of 50 ×50 m2 and the
wavelength of the incident plane wave is selected at λ = 660 nm. Therefore, according
to the formula of the Talbot eﬀect, the array’s ﬁeld will be repeated at the Talbot
distance of 1.515 m. A calculated result of the diﬀracted ﬁeld distribution on the XZ4.3. Diﬀerent types of nanohole arrays 107
plane at Y = 0 is shown in Fig. 4.8 (d), while Fig. 4.8 (b) and (c) display the diﬀraction
patterns on the XY plane at the distance of 1.52 m and 3.03 m away from the array’s
surface, respectively. The period between the bright spots on the diﬀracted images is
the same as the distance between the nanoholes a1. From the results, it is found that
the self-imaged diﬀraction patterns are repeated every Talbot distance ZT.
Figure 4.8: Self-imaging of a periodic nanohole array: Talbot eﬀect. (a) sche-
matically shows the fragment of a 4-fold symmetry quasi-periodic nanohole array and the
overall area of the array in calculations is 50 ×50 m2 with the nanohole size of 200 nm.
The array is illuminated by a plane wave at a wavelength of 660 nm and the period between
nanoholes is a1 = 1 m. Note that the self-imaging occurs at multiples of the Talbot dis-
tance ZT = a2/λ (∼ 1.515 m). (d) shows a calculated diﬀracted ﬁeld distribution along
the Z direction on XZ plane at Y = 0 of a 4-fold symmetry nanohole array. (b) and (c)
show the reconstruction of the periodic array’s ﬁeld on the XY plane at the distance of
1.52 m and 3.03 m away from the array. The reconstructed pattern repeats every Talbot
distance and the period between the bright spots a1 is the same as the period of nanoholes.
The insets in (b) and (c) are the zoom-in images with the same area of 5 ×5 m2 as the
green dashed squares indicate.
According to the Talbot eﬀect, an image of a periodic nanohole array’s pattern can
be re-produced at the Talbot distance, forming numerous optical spots in the image
plane. The size of such generated spots is unlikely to be beyond the diﬀraction limit due
to the limited number of spatial frequencies in the reciprocal plane. In addition, Fig. 4.8
(b), (c) and (d) indicate that the evolution of reconstructed ﬁeld intensities changes108 4. Subwavelength light localization beyond the near ﬁeld
periodically and continuously in both the transverse and axial directions. Thus, it is
very diﬃcult to employ a periodic nanohole array as a super-oscillating mask to generate
hot-spots for practical applications. Unlike the periodic cases, nanohole arrays with a
quasi-periodic arrangement display complex diﬀraction patterns above the arrays due to
the large number of spatial frequencies in the reciprocal plane. We ﬁnd that the higher
the rotational symmetry is within quasi-periodic nanohole arrays, the more nanoholes
will be arranged on concentric rings with diﬀerent sizes surrounding a central nanohole,
making a radially symmetric quasi-periodic arrangement of the nanoholes. Therefore,
in our studies, we classify the nanohole arrays with quasi-periodic arrangements into
two categories. One is the quasi-periodic nanohole arrays with lower order rotational
symmetry; the other is the radially symmetric quasi-periodic nanohole arrays. Both
will be discussed below.
4.3.2 Quasi-periodic nanohole arrays and super-oscillating hot-spots
In our studies, we consider the quasi-periodic nanohole arrays with 5-fold, 7-fold and
9-fold symmetry as quasi-periodic nanohole arrays with lower order of rotational sym-
metry, which are schematically shown in Fig. 4.9 (a), (b) and (c), respectively. Unlike
the periodic nanohole arrays, which show translational symmetry, quasi-periodic cases
display a rotational symmetry instead. Such arrangements of nanoholes exhibit rich
spectral components of the array’s ﬁeld, which generate a super-oscillating ﬁeld at a
certain distance away from the array.
Figure 4.9: Patterns of nanohole arrays with quasi-periodic arrangements.
Plates (a) to (c) schematically show the patterns of 5-fold, 7-fold and 9-fold symmetry
quasi-periodic nanohole arrays, respectively.4.3. Diﬀerent types of nanohole arrays 109
To examine the behaviour of light diﬀraction in the diﬀraction zone, a 5-fold sym-
metry quasi-periodic nanohole array with nanoholes of 200 nm in diameter is again used
as an example to observe the ﬁeld distributions above the array. A calculated ﬁeld dis-
tribution on the XZ plane at Y = 0 is shown in Fig. 4.10 (d) with a wavelength of the
incident plane wave of 500 nm. Here, several signiﬁcant energy hot-spots can be found
at diﬀerent distances away from the array’s surface as the green arrows indicate. At
the distance of 10 m and 16 m from the array, the energy hot-spots will be sparsely
distributed on the XY plane as shown in Fig. 4.10 (b) and (c), respectively. Unlike the
light diﬀraction from periodic nanohole arrays, the patterns of ﬁeld distributions with
quasi-periodic nanohole arrays do not show duplicate images of the array’s geometry,
but produces bright foci of energy concentration. The foci are sparsely distributed in
the focal plane. In Fig. 4.11, we see that sparsely distributed energy hot-spots can also
be generated by using 7-fold and 9-fold symmetry quasi-periodic nanohole arrays.
Figure 4.10: Sparsely distributed energy hot-spots above a 5-fold symmetry
quasi-periodic nanohole array. (a) schematically shows the pattern of a fragment of a
5-fold symmetry quasi-periodic nanohole array and the overall area of the array in calcu-
lations is 50 ×50 m2 with a nanohole size of 200 nm. (d) shows a calculated diﬀraction
pattern along the Z direction on the XZ plane at Y = 0 with a 5-fold symmetry quasi-
periodic nanohole array illuminated by a plane wave at wavelength of 500 nm. Note that
several signiﬁcant energy hot-spots can be produced on the XY plane at certain distances
away from the array’s surface as the calculation results shown in (b) and (c) at the distance
of 10 m and 16 m, respectively. The image size of (a), (b) and (c) is 30 ×30 m2.110 4. Subwavelength light localization beyond the near ﬁeld
Figure 4.11: Sparsely distributed energy hot-spots above quasi-periodic
nanohole arrays. Plates (a) to (d) shows the calculated ﬁeld maps above a 7-fold (upper
row) and 9-fold (bottom row) symmetry quasi-periodic nanohole array at the height Z indi-
cated in the ﬁgure. In all the cases, the nanohole arrays are illuminated with a wavelength
of 660 nm and the image size is 50 ×50 m2. Note that the number of the generated energy
hot-spots is correlated to the order of rotational symmetry in the quasi-periodic nanohole
arrays.
The results displayed in Fig. 4.11 show that the number and locations of energy
hot-spots are highly correlated with the order of rotational symmetry of the quasi-
periodic nanohole arrays. More speciﬁcally, the number of energy hot-spots will be
identical to the order of rotational symmetry or its multiples. Also, it is worth men-
tioning that such energy hot-spots’ distribution has the same rotational symmetry as
the nanoholes’ arrangement on the array, i.e. hot-spots are rotated around a central en-
ergy hot-spot by 2π/N radians, where N is the order of the rotational symmetry. This
result may be explained by the distribution of spectral maxima in the reciprocal plane
of a quasi-periodic nanohole array’s ﬁeld. As we have mentioned above, diﬀracted ﬁeld
distributions at various distances Z above a nanohole array are reconstructed from the
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are located on diﬀerent concentric rings. Regarding the nanoholes with quasi-periodic
arrangements, the distribution of spectral maxima on Montgomery’s rings has the same
order of rotational symmetry with the nanoholes’ arrangement. Therefore, once an en-
ergy hot-spot is generated at distance Z above the array’s surface and at distance D
away from the array’s central axis, N energy hot-spots with distance D to the cen-
tral axis will be displayed on the image plane (XY plane) and rotated around the
centre by 2π/N radians. However, it is diﬃcult to predict and explain why the hot-
spots will be generated at particular Z distances since the diﬀraction process above
the quasi-periodic nanohole arrays is complex. According to the calculation results, it
is possible to separate the surrounding hot-spots from the central light localization by
careful choice of the distances, wavelengths or the order of rotational symmetry of the
quasi-periodic nanohole arrays; however, such results are still not good enough to meet
our requirement − to generate a single isolated energy hot-spot within in a wide ﬁeld
of view. A solution can be found by using a radially symmetric quasi-periodic nanohole
array as an isolated super-oscillating ﬁeld generator.
4.3.3 Radially symmetric quasi-periodic nanohole arrays and an iso-
lated super-oscillating energy hot-spot
While viewing the nanohole arrangements with higher order of rotational symmetry, it
is found that the nanoholes are arranged on concentric rings with diﬀerent sizes, forming
a radially symmetric pattern on a 2D plane. Fig. 4.12 (a), (b) and (c) represent the
schematic diagrams of radially symmetric quasi-periodic nanohole arrays with 13-fold,
20-fold and 27-fold rotational symmetry respectively. To examine the behaviour of light
diﬀraction along the wave propagation direction Z, a 20-fold symmetry quasi-periodic
nanohole array is used as an example to observe the diﬀracted ﬁeld distributions above
the array. The designed 20-fold symmetry quasi-periodic pattern contains about 4,000
nanoholes of 200 nm in diameter and is contained in an area of 50 ×50 m2 as shown
in Fig. 4.13 (a). The wavelength for light illumination on the array is λ = 660 nm.
Through the central point, a calculated result of ﬁeld distribution on the XZ plane
at ﬁxed Y = 0 (green dashed line on Fig. 4.13 (a)) is shown in Fig. 4.13 (b). Here,
most of the light diﬀraction is concentrated in the centre (X,Y = 0) and contributes
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arrows indicate in Fig. 4.13 (b). Therefore, by using a radially symmetric quasi-periodic
nanohole array as a super-oscillating binary mask, it is possible to ﬁnd that an isolated
subwavelength energy hot-spot can be generated on the XY plane several micrometers
away from the array and located within a wide ﬁeld of view. Such a result helps to
realize more practical and promising applications, especially in scanning microscope
systems or nanolithography.
Figure 4.12: Patterns of nanohole arrays with radially symmetric quasi-
periodic arrangements. Plates (a) to (c) schematically represent the 13-fold, 20-fold
and 27-fold symmetry quasi-periodic nanohole arrays respectively.
Figure 4.13: Light diﬀraction above a radially quasi-periodic nanohole array.
Plate (a) schematically represents the pattern of a 20-fold symmetry quasi-periodic nanohole
array. The quasi-periodic pattern is in an area of 50 ×50 m2 and contains about 4,000
nanoholes of 200 nm diameter. (b) shows a calculated diﬀraction pattern along the Z
direction on XZ plane at Y = 0 with the nanohole array illuminated by a plane wave of
λ = 660 nm. Note that an isolated energy hot-spot can be produced along the Z direction
as the green arrows indicate, meaning that the radially symmetric quasi-periodic nanohole
array can be used as an isolated hot-spot generator.
As the comparison of the reciprocal plane shows (Fig. 4.6), the more spectral com-
ponents with varying magnitudes available in the reciprocal plane of an array’s ﬁeld, the4.3. Diﬀerent types of nanohole arrays 113
more super-oscillating ﬁelds are likely to be generated in the reconstructed diﬀraction
patterns. Therefore, as well as the quasi-periodic nanohole arrays, other nanostructures
arranged with diﬀerent algorithms such as the Fibonacci sequence, mid-temp coulomb
gas and the Poisson process, might also generate super-oscillating ﬁelds above the ar-
ray’s surface. Taking a 2D Fibonacci lattice shown in Fig. 4.14 (a) as an example, the
diﬀerent magnitude of the corresponding spatial frequencies (Fig. 4.14 (b)) may provide
the possibility of generating super-oscillating ﬁelds above the array, though the spec-
tral components are distributed regularly [212] in the reciprocal plane. These types of
array, therefore, might work and would also be interesting to investigate; however, they
have not been tested in this thesis. Here, we focused on the quasi-periodic nanohole
arrays with diﬀerent rotational symmetry because the coordinates of the nanoholes
can be easily obtained using commercial software [210]. It is also based on the pre-
vious study using a 5-fold quasi-periodic nanohole array as a super-oscillating binary
mask [8,10,146,157].
Figure 4.14: The 2D Fibonacci lattice and its corresponding reciprocal plane
of the spectral components. (a) The geometric diagram of a Fibonacci sequence on a
2D plane which is derived from the cut and project method. (b) The corresponding spectral
components in the reciprocal space and the size of the bubbles represents the magnitude of
the spatial frequencies. Images are taken from Ref. [212].114 4. Subwavelength light localization beyond the near ﬁeld
4.4 Radially symmetric quasi-periodic nanohole arrays
To evaluate whether radially symmetric quasi-periodic nanohole arrays can be used
as a super-oscillating binary mask to generate subwavelength energy hot-spots in the
far-ﬁeld region, two kinds of radially symmetric quasi-periodic nanohole arrays with
diﬀerent rotational symmetry − 20-fold and 27-fold symmetry − will be designed to
test and compare their focusing abilities.
4.4.1 20-fold symmetry quasi-periodic nanohole array
• Sample description
Fig. 4.15 (a) schematically shows the pattern of a 20-fold symmetry quasi-periodic
nanohole array whose coordinates are obtained by the multigrid method using Jcrys-
talSoft Nanotube Modeler [210]. In this nanohole array design, there are about 4,000
nanoholes of 200 nm diameter included in the array within an area of 50 ×50 m2 and
arranged on concentric rings with diﬀerent sizes. Fig. 4.15 (b) shows the reciprocal
plane of the 20-fold symmetry quasi-periodic nanohole array’s ﬁeld. It is found that
the rich spectral components of the quasi-periodic nanohole array are discrete and lo-
cated on diﬀerent circles in the reciprocal plane with a 20-fold rotational symmetry,
making it possible to generate super-oscillating energy hot-spots at diﬀerent distances
away from the array.
Fig. 4.15 (c) shows the SEM image of a fabricated 20-fold symmetry quasi-periodic
nanohole array sample. The pattern of the sample is constructed in accordance with the
algorithm described above and manufactured by Dr. Y. Chen at Rutherford Appleton
Laboratory in the U.K. by e-beam lithography (EBL). All the nanoholes of 200 nm
are fabricated on a 50 nm thick aluminium ﬁlm. This selection of material and ﬁlm
thickness is suﬃcient to make the array act as an ideal binary mask. A diode laser is
used for illumination at a wavelength of λ = 660 nm.4.4. Radially symmetric quasi-periodic nanohole arrays 115
Figure 4.15: Super-oscillating binary mask: a radially symmetric quasi-
periodic nanohole array with 20-fold rotational symmetry. (a) Schematic diagram
of a 20-fold symmetry quasi-periodic nanohole array. The white dots indicate the positions
of the nanoholes. In the design, all the nanoholes of 200 nm in diameter are included in an
area of 50 ×50 m2 and arranged on concentric rings with diﬀerent sizes. (b) Reciprocal
plane of the radially symmetric quasi-periodic nanohole array’s ﬁeld. A 20-fold rotational
symmetry in the distribution of spectral components can be observed. (c) The SEM image
of a fabricated 20-fold symmetry quasi-periodic nanohole array, whose pattern shows ac-
cordance with the schematic diagram (a). The SEM image is obtained from Dr. Y. Chen
at Rutherford Appleton Laboratory in the U.K. and the nanohole array is fabricated on a
50 nm thick aluminium ﬁlm.
• Theoretical calculations of diﬀraction patterns above the array
In order to obtain the theoretical diﬀraction patterns above a 20-fold symmetry quasi-
periodic nanohole array, the scalar angular spectrum method is used to calculate ﬁeld
intensity maps at diﬀerent distances Z away from the array’s surface. As shown in
Fig. 4.16, the calculated ﬁeld maps in plates (a) to (i) represent the ﬁeld distributions
at diﬀerent distances Z from the sample surface (at Z = 0 m) up to the distance of
Z = 8 m away from the quasi-periodic nanohole array. The size of the calculated
area is the same as the area of the nanohole array (50 ×50 m2) and the array is under
plane wave illumination at a wavelength of 660 nm in accordance with the experimental
light source. The calculated results show that a signiﬁcant isolated energy hot-spot can
be generated at the distance of 4 m away from the nanohole array. As shown in
Fig. 4.16 (e), most of the transmitted energy is concentrated at the centre of the image
plane, forming an energy hot-spot, while the rest of the area is dim. Thus, a highly
isolated energy hot-spot can be theoretically generated by using a 20-fold symmetry
quasi-periodic nanohole array and located in a wide ﬁeld of view of around 50 m.116 4. Subwavelength light localization beyond the near ﬁeld
Figure 4.16: Calculated ﬁeld maps at diﬀerent heights Z above a 20-fold sym-
metry quasi-periodic nanohole array. Calculation results. Field distribution maps (a)
to (i) represent the ﬁeld distributions at diﬀerent distances away from the sample surface
(a) to the height of Z = 8 m (i). The 20-fold symmetry quasi-periodic nanohole array
is under plane wave illumination with a wavelength of 660 nm. Note an isolated energy
hot-spot can be produced at the distance of 4 m away from the array’s surface as shown
in (e). All the size of image planes is 50 ×50 m2.
As mentioned in Sec. 4.3.3 and the calculation result shown in Fig. 4.13 (b), several
energy hot-spots can be produced along the Z direction by using a 20-fold symmetry
quasi-periodic nanohole array as a super-oscillating binary mask. To precisely deter-
mine how far the isolated energy hot-spot is away from the array and to carefully
examine the possibility of other isolated hot-spots, a ﬁner and more extensive dis-
tance interval is taken into account. In Fig. 4.17, several isolated energy hot-spots are
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nanohole array. The distances presented in Fig. 4.17 (a), (b) and (c) are 3.5 m,
13.5 m and 16 m, respectively. It should be noted that a subwavelength energy hot-
spot of 320 nm (0.48 λ) can be obtained beyond the diﬀraction limit at the distance of
3.5 m, that is, beyond the evanescent ﬁeld region. The light focusing ability of the
array can be estimated by the formula of diﬀraction limit, ∆ = 0.61 λ/N.A. where the
∆ is the size of a focused spot. Therefore, the eﬀective N.A. of the 20-fold symmetry
quasi-periodic nanohole array is around 1.25 at the wavelength of 660 nm. This signiﬁ-
cant ﬁnding of an isolated energy hot-spot generation has demonstrated that a 20-fold
symmetry quasi-periodic nanohole array can be used as a high N.A. lens to concentrate
light into a focused spot.
Figure 4.17: Several isolated energy hot-spots generated along the Z direction.
Calculation results. With illumination of 660 nm on a 20-fold symmetry quasi-periodic
nanohole array, several isolated energy hot-spots can be generated at the distance Z of
3.5 m, 13.5 m and 16 m, which are presented in plates (a) to (c), respectively. Here,
the size of images is a zoom-in area of 30 ×30 m2. Note that a subwavelength energy
hot-spot can be obtained beyond the diﬀraction limit at the distance of 3.5 m.
• Experimental results and discussions
To experimentally verify the theoretical calculations described above and map the ﬁeld
intensity distributions, experiments both on a conventional optical microscope equipped
with a CCD device and a SNOM with a nanoscale Z control have been conducted. First,118 4. Subwavelength light localization beyond the near ﬁeld
in the setup with a conventional microscope, optical images are captured by a digital
camera (Canon, EOS) through a 150X objective (Zeiss, N.A.=0.95) with the resolution
of the optical images around 200 nm per pixel. With a coarse height tunning of 1 m,
the optical images of the diﬀracted ﬁeld distributions at distances away from the array’s
surface can be acquired. In our experiments, a diode laser with a collimator is used
as a plane wave light source to illuminate the array and the wavelength is at 660 nm.
Plates (a) to (i) in Fig. 4.18 show the transmission optical microscope images of the ﬁeld
distribution maps at diﬀerent distances from the sample surface (at Z = 0 m) to the
distance of Z = 8 m away from the quasi-periodic nanohole array, respectively. All the
images in Fig. 4.18 have a size of 50 ×50 m2. These optical microscope images of the
diﬀracted ﬁeld distributions show a qualitative agreement with the calculated results
illustrated in Fig. 4.16. Some of them show clear patterns with a 20-fold rotational
symmetry. Due to the limited image resolution and the coarse height tunning in the
optical microscope setup, detailed ﬁeld distribution maps and exact focal distance of an
isolated energy hot-spot cannot be obtained. To solve these problems, a SNOM with
a subwavelength aperture ﬁbre probe and nanoscale step control is used to acquire
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Figure 4.18: Transmission optical microscope images of ﬁeld distributions
above a 20-fold symmetry quasi-periodic nanohole array. Transmission optical
images. Maps (a) to (i) represent the ﬁeld distributions at diﬀerent distances from the
sample surface (a) to the height of Z = 8 m (i), respectively. The illumination wavelength
is 660 nm. Note these results qualitatively correspond well with the theoretical calculations
as shown in Fig. 4.16, but lack detailed information on the ﬁeld distributions. The size of
the images is 50 ×50 m2.
By using a SNOM probe scanning at a certain distance away from the array’s
surface, details of the ﬁeld distribution maps can be revealed. Fig. 4.19 shows the
SNOM mappings at diﬀerent distances away from a 20-fold symmetry quasi-periodic
nanohole array. The scanning area is 30 ×30 m2 and aperture size of the SNOM probe
is around 60 nm. Here, the resolution of the SNOM images is 150 nm per pixel. In
Fig. 4.19, plates (a) to (f) display the ﬁeld distributions at diﬀerent distances from 1 m
to 6 m away from the quasi-periodic nanohole array’s surface, respectively. Among120 4. Subwavelength light localization beyond the near ﬁeld
these scanning results, well isolated energy hot-spots can be found at both distances
of 2 m and 3 m away from the sample. However, their patterns do not perfectly
resemble the previous calculation results of the image planes at 2 m and 3 m as
shown in Fig. 4.16 (c) and (d). These diﬀerences may result from the inhomogeneous
light illumination on the sample (a slight tilting of an incident light beam or the sample
arrangement), the ﬂatness and thickness variation on the sample surface in the thin
ﬁlm fabrication process or topographic defects on the surface of scanning probes. The
reasons will be discussed further below.
Figure 4.19: SNOM mappings at diﬀerent heights Z above a 20-fold symmetry
quasi-periodic nanohole array. Maps (a) to (f) represent the ﬁeld distributions at the
distances from 1 m to 6 m, respectively. The illumination wavelength is λ = 660 nm and
the scanning area is 30 ×30 m2. Note that well isolated energy hot-spots are produced at
the height of 2 m and 3 m.
Fig. 4.20 (a) and (b) schematically illustrate the impact of an uneven sample sur-
face and the scanning probe’s topographic defects on the diﬀracted ﬁeld measurements,
respectively. In Fig. 4.20 (a), some inhomogeneous defects protrude from the sample
surface, which might come from the thin ﬁlm coating process or environmental tem-
perature change. When approaching a scanning probe to the sample, these defects will
cause a false zero level measurement of the sample surface. Therefore, when a scanning
probe is lifted up and set to scan at height of Z away from the sample, it actually scans4.4. Radially symmetric quasi-periodic nanohole arrays 121
the diﬀracted ﬁeld at the height of Z+∆Z with an unintended increase of distance ∆Z.
The same reasoning can be used for the situation of topographic defects on a scanning
probe as shown in Fig. 4.20 (b). Such diﬀracted ﬁeld measurements with an unintended
height diﬀerence will cause inconsistency between the experimental and calculation re-
sults. Therefore, another set of calculations with an imaging distance correction are
conducted. In the calculation results shown in Fig. 4.21, with an increase of height
diﬀerence by 0.4 m, the calculated ﬁeld distributions show a very good agreement
with the SNOM scanning results demonstrated in Fig. 4.19.
Figure 4.20: Impact of an uneven sample surface and the scanning probe’s
topographic defects on the diﬀracted ﬁeld measurements at diﬀerent heights.
Schematic diagrams. Inhomogeneity on the sample surface (a) and topographic defects on
a scanning probe will cause a false zero level measurement of the sample surface, which
might make the ﬁbre tip scan at the height of Z + ∆Z with an unintended distant increase
∆Z.122 4. Subwavelength light localization beyond the near ﬁeld
Figure 4.21: Calculated ﬁeld maps above a 20-fold symmetry quasi-periodic
nanohole array with an imaging distance correction. Calculation results. Maps (a)
to (f) represent the calculated ﬁeld distributions at the distances from 1.4 m to 6.4 m,
respectively. Note the calculated patterns correspond well with the SNOM scanning mea-
surements shown in Fig. 4.19 with a height diﬀerence of 0.4 m, which might be from the
topographic defects on the sample surface and the ﬁbre tip. The size of all the images is
30 ×30 m2.
To determine the exact focal length and the size of an isolated energy hot-spot, a
ﬁner height interval of 100 nm in the Z direction and a ﬁner scanning step of 50 nm in
the X and Y directions are adopted in the intensity ﬁeld mapping. The experimental
results are shown in the ﬁrst row of Fig. 4.22 from the distances of 3 m to 3.9 m. All
the scanning areas are 9 ×9 m2. Compared with the theoretical calculations shown
in the second row in Fig. 4.22, a strong agreement between the experimental and
calculation results can be found, but an imaging distance correction of 0.4 m still
occurs. Regarding the size of the energy hot-spots, Fig. 4.22 (c) shows that the cross-
section proﬁle of the energy hot-spot at the scanning height of 3 m, with the size of
the isolated hot-spot around 320 nm (0.48 λ), which corresponds well to the calculation
result at Z = 3.4 m. In Fig. 4.22 (d), the cross-section suggests that a smaller localized
spot of 250 nm (0.38 λ) can be produced at a height of 3.7 m, but surrounded by a
larger side band. Unlike the cross-section proﬁle of the calculation result at Z = 4.1 m,4.4. Radially symmetric quasi-periodic nanohole arrays 123
the asymmetrical energy distribution on the side band may result from inhomogeneous
light illumination or a slight tilt of the nanohole array in the experiments.
Figure 4.22: Finer SNOM mapping at diﬀerent heights Z above a 20-fold sym-
metry quasi-periodic nanohole array and the corresponding calculation results.
Upper row: SNOM mappings; Bottom: Calculated ﬁeld distributions with an imaging dis-
tance correction ∆Z = 0.4 m. The size of all the images is of 9 ×9 m2. (c) and (d)
display the comparison of cross-section proﬁles both on the experimental and calculation
results, which correspond to the green dashed lines in row (a) and (b). Note that an iso-
lated subwavelength energy hot-spot of 320 nm (0.48 λ) can be obtained at the scanning
distance of 3 m, while a smaller localized spot of 250 nm (0.38 λ) is produced at distance
of 3.7 m with a surrounding bright halo. The asymmetrical intensity cross-section proﬁle
in the SNOM mapping result at distance of 3.7 m may result from the slight tilting of the
light source illumination or the nanohole array sample arrangement.
4.4.2 27-fold symmetry quasi-periodic nanohole array
• Sample descriptions
The other type of radially symmetric quasi-periodic nanohole arrays used as an isolated
energy hot-spot generator is a nanohole array with a 27-fold symmetry quasi-periodic
arrangement, whose schematic diagram is shown in Fig. 4.23 (a). In this nanohole array
design, there are about 4,000 nanoholes of 200 nm included in an range of 80 m in
diameter. The coordinates of nanoholes are obtained by the cut and project method124 4. Subwavelength light localization beyond the near ﬁeld
with assistance from Mr. V. Savinov in Optoelectronics Research Centre, University
of Southampton [206]. In the nanoholes’ arrangement, as shown in Fig. 4.23 (a), all
the nanoholes are located on concentric rings with diﬀerent sizes and some of them
may overlap the others. The nanohole array sample is also fabricated on a 50 nm thick
aluminum thin ﬁlm by Dr. Y. Chen at Rutherford Appleton Laboratory in the U.K.
using the EBL technique. Fig. 4.23 (b) shows the SEM image of a fabricated sample
in accordance with the designed 27-fold symmetry quasi-periodic pattern.
Figure 4.23: 27-fold symmetry quasi-periodic nanohole array as an isolated
energy hot-spot generator. (a) shows a schematic diagram of a 27-fold symmetry quasi-
periodic nanohole array. The nanohole array is 80 m in diameter and the size of nanoholes
is 200 nm. The nanoholes are positioned on diﬀerent concentric rings and some of them
may overlap the others. (b) displays the SEM image of a fabricated sample on a 50 nm
aluminum thin ﬁlm. (c) Calculated diﬀraction pattern above the nanohole array at the
distance of Z = 4.4 m. A well isolated energy hot-spot is located at centre in a wide view
ﬁeld of 63 m in diameter. (d) shows a corresponding CCD image of the ﬁeld distribution
at the distance around 4 m away from the sample surface. The image size is 80 ×80 m2.
(e) A SNOM mapping on a zoom-in area of 10 ×10 m2 around the central bright spot
as the green indicates in (d). The scanning distance is 4.4 m away from the array’s
surface. (f) The cross-section proﬁles show a good agreement between experimental and
calculation results and the size of the isolated energy hot-spot is around 300 nm (0.45 λ).
The CCD image (d) is obtained from Dr. E. T. F. Rogers at Optoelectronics Research
Centre, University of Southampton.4.4. Radially symmetric quasi-periodic nanohole arrays 125
• Subwavelength energy hot-spot in the far-ﬁeld region
Among the calculated ﬁeld distributions, the best isolated energy hot-spot can be found
at the distance of 4.4 m away from the surface of a 27-fold symmetry quasi-periodic
nanohole array when the array is illuminated with plane wave at a wavelength of
660 nm. The calculated intensity map is shown in Fig. 4.23 (c). An isolated energy
hot-spot is located within a wide view ﬁeld of 63 m in diameter and the size of the
hot-spot is around 280 nm. In the experimental conﬁrmations, a diode laser operated
at the wavelength of 660 nm is used as an optical source and an optical microscope
with a CCD device (SPOT, RT3) is employed to capture the ﬁeld distribution images
through a 150X objective at diﬀerent distances away from the array’s surface. Here,
the resolution of the acquired optical images is around 50 nm per pixel. As the CCD
image in Fig. 4.23 (d) shows, a corresponding diﬀraction pattern to the theoretical
calculation can be found at around 4 m away from the sample surface. By SNOM
mapping of a zoom-in area of 10 ×10 m2 as the green square indicates in Fig. 4.23 (d),
the well isolated energy hot-spot can be found at the height of 4.4 m. The zoom-in
SNOM scanning result in Fig. 4.23 (e) displays the detailed ﬁeld distribution around
the central hot-spot. To obtain the size of the energy hot-spot and compare with the
theoretical calculations, cross-section proﬁles of the hot-spot on the SNOM experiments
and theoretical calculation are presented in Fig. 4.23 (f). A very good agreement be-
tween the results can be found, and the size of the isolated energy hot-spot from the
experimental measurement is around 300 nm (0.45 λ). Therefore, the focusing ability
of a 27-fold symmetry quasi-periodic nanohole array can be estimated by the formula
of diﬀraction limit and the eﬀective N.A. is about 1.34 when the operating wavelength
is 660 nm.
4.4.3 Axial resolution of the generated energy hot-spot
From the above theoretical calculations and experimental results, both types of radially
symmetric quasi-periodic nanohole arrays − 20-fold and 27-fold rotational symmetry
− can both be used as a light concentrator to generate an isolated super-oscillating
energy hot-spot on the XY image plane beyond the evanescent ﬁeld region. Besides
the subwavelength lateral resolution, another important issue is the axial resolution126 4. Subwavelength light localization beyond the near ﬁeld
of the generated energy hot-spot in the Z direction. A series of calculations on the
evolution of the super-oscillating ﬁeld along the Z direction have been conducted to
estimate the axial resolution of the generated energy hot-spot. The calculation results
shown in Fig. 4.24 (a) and (b) display the diﬀracted ﬁeld distributions on the XZ
plane of a 20-fold and a 27-fold symmetry quasi-periodic nanohole array illuminated
with plane wave of 660 nm, respectively. The two radially quasi-periodic nanohole
arrays have the same design parameters as described previously. In Fig. 4.24 (a), the
ﬁeld distribution shows an energy hot-spot generated on the XZ plane at Y = 0 along
the central axis of a 20-fold symmetry quasi-periodic nanohole array in a range from
2 m to 5 m away from the sample surface. At the distance of Z = 3.6 m, the energy
hot-spot exhibits the maximum intensity and the minimum spot size on the XY plane.
The lateral resolution here is around 320 nm (0.48 λ), while the axial resolution of the
energy hot-spot in the Z direction is around 750 nm. According to the formula of axial
resolution,
△ =
2λ
(N.A.)2, (4.4)
△ is the size (FWHM) of the generated spot in the Z direction. The eﬀective N.A.
of a 20-fold symmetry quasi-periodic nanohole array can be estimated as around 1.32
when the illumination wavelength is at λ = 660 nm. In addition, when using a 27-fold
symmetry quasi-periodic nanohole array as an isolated energy hot-spot generator, the
energy hot-spot is generated in a range of 3 m to 6 m away from the array’s surface
and the calculated ﬁeld distribution on the XZ plane is shown in Fig. 4.24 (b). The best
lateral resolution of the spot is around 250 nm (0.38 λ) at the height of Z = 4.8 m,
while the axial resolution is about 750 nm, giving an eﬀective N.A. of 1.32. These
results are similar to the use of a high N.A. conventional lens of 1.34 operated in oil at
λ = 500 nm. These results can lead to further applications like scanning microscopy,
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Figure 4.24: Axial resolution of the generated energy hot-spots. Calculated ﬁeld
distributions along the Z direction on XZ plane at Y = 0 of (a) a 20-fold and (b) a 27-fold
symmetry quasi-periodic nanohole array illuminated by a plane wave of λ = 660 nm. In (a),
the optical energy is concentrated at centre, forming an energy hot-spot in the Z direction
along the central axis of the array. Energy hot-spot with the maximum intensity and the
minimum size is generated at the height of 3.6 m away from the array’s surface. The
lateral resolution is around 320 m (0.48 λ), while the axial resolution is around 750 m.
In (b), the size of the generated hot-spot is around 250 m (0.38 λ) and the axial resolution
is around 750 m. Note that both results show that radially quasi-periodic nanohole arrays
with 20-fold and 27-fold rotational symmetry can be used as an isolated hot-spot generator
and the eﬀective N.A. is around 1.32.
Regarding the size of the super-oscillating energy hot-spots, an energy hot-spot can
be arbitrarily small based on the theory of optical super-oscillation. In fact, when
a super-oscillating ﬁeld is generated as a very small concentrated energy hot-spot at
certain place, a rapidly increasing side band of optical energy will surround the energy
hot-spot as Fig. 4.22 (a) at distance of 3.7 m shows. Although the size of the focused
spot can be very small, it is complicated to make the use of super-oscillations practically
with the presence of high intensity halos surrounding the hot-spot. Therefore, it will be
a challenge to obtain a well isolated subwavelength energy hot-spot within in a much
wider ﬁeld of view. Based on our studies so far, the best result can only be achieved by
using a radially symmetric quasi-periodic nanohole array as a super-oscillating binary
mask to generate an isolated hot-spot whose size is slightly beyond the diﬀraction limit.
For example, the size of an energy hot-spot generated by the use of a 20-fold symmetry
quasi-periodic nanohole array in Fig. 4.19 (a) at Z = 3 m is 320 nm (0.48 λ), while in128 4. Subwavelength light localization beyond the near ﬁeld
Fig. 4.23 (e), a subwavelength energy hot-spot of 300 nm (0.45 λ) occurs at Z = 4.4 m
with the use of a 27-fold symmetry quasi-periodic nanohole array.
To make a use of the super-oscillating energy hot-spots in an optical imaging sys-
tem, the spot energy is an important issue and has to be considered. In our cases,
an isolated energy hot-spot is generated at Z = 3 m by a 20-fold symmetry quasi-
periodic nanohole array and the ratios of the spot energy to the total incident energy
(Ri) and the total transmitted energy behind the array (Rt) are around 0.002% and
0.04%, respectively. A 27-fold symmetry quasi-periodic nanohole array generates a sub-
wavelength energy hot-spot at Z = 4.4 m and the energy ratios Ri and Rt are around
0.00025% and 0.01%, respectively. The low energy ratio Ri of the two super-oscillating
binary masks results from the limited number of nanaholes (around 4,000 nanoholes
for each nanohole array) distributed on a much wider area. The fraction of the 20-fold
and 27-fold symmetry quasi-periodic nanohole arrays that is transparent is around 5%
and 2.5%, respectively. Thus, most of the incident energy is reﬂected by the binary
masks. Regarding the ratio Rt between the spot energy and the transmitted energy
behind the arrays, it is found that the energy of the focused spot generated by using the
27-fold symmetry quasi-periodic nanohole array is much less than the one generated by
the use of a nanohole array with 20-fold symmetry, although the spot size is slightly
smaller. From the calculation result and the CCD image shown in Fig. 4.23 (c) and (d),
it is found that most of the energy is located in the outer sidebands while a subwave-
length focus is generated at the centre. It is expected that by further investigation,
subwavelength light localization with signiﬁcantly higher eﬃciency can be achieved.4.5. Discussions 129
4.5 Discussions
In the results above, we focused on the relationship between nanohole arrangement
and the diﬀraction patterns generated above the nanohole arrays. Through theoretical
calculations and experimental examinations, an isolated energy hot-spot within a wide
ﬁeld of view can be produced by using radially symmetric quasi-periodic nanohole ar-
rays (we have used quasi-periodic nanohole arrays with 20-fold and 27-fold rotational
symmetry as examples). Besides the nanoholes’ arrangements, other parameters which
also aﬀect the generated diﬀraction patterns are also interesting to investigate, for
instance, the nanoholes’ size, the overall area of nanoholes and the illumination wave-
lengths. In this section, the impact of diﬀerent parameters on the generated diﬀraction
patterns will be extensively discussed and a 7-fold symmetry quasi-periodic nanohole
array will be used to demonstrate the diﬀerences, chosen for its rich distributions of
energy hot-spots.
4.5.1 Diﬀerent sizes of nanoholes
Regarding the nanoholes diameter ϕ, we have previously ﬁxed the nanoholes’ size at
ϕ = 200 nm. The pattern of a 7-fold symmetry quasi-periodic nanohole array with
the nanoholes’ size of 200 nm in an overall area of 50 ×50 m2 is shown in Fig. 4.25
(a). All the nanoholes are distributed on a 2D plane. With plane wave illumination at
wavelength of λ = 660 nm, energy hot-spots can be generated on a plane 4 m from
the array’s surface and form a ﬁeld distribution with 7-fold rotationally symmetric
arrangement as shown in Fig. 4.25 (b). As the green dashed lines indicate, the angle
between neighboring energy hot-spots which have equal distance from the central spot
is 2π/7.130 4. Subwavelength light localization beyond the near ﬁeld
Figure 4.25: Energy hot-spots generated above a 7-fold symmetry quasi-
periodic nanohole array. Calculated ﬁeld distributions. (a) shows the pattern of a
7-fold symmetry quasi-periodic nanohole array with nanoholes size of 200 nm. The pattern
is contained in an overall area of 50 ×50 m2. With plane wave illumination of 660 nm
on the nanohole array, energy hot-spots with 7-fold rotational symmetry can be produced
on an image plane 4 m away from the array’s surface. The yellow dashed circles show
the positions of energy hot-spots which are located on the same concentric ring, while the
green dashed lines indicate the angle of 2π/7 between the neighboring hot-spots.
To consider the impact of nanohole diameter ϕ on the generated patterns above
the array, we change the nanohole’s diameter from 400 nm to 1 m. The patterns with
diﬀerent nanohole sizes are shown in Fig. 4.27 (a) to (d), respectively. All the nanohole
array patterns are included in an overall area of 50 ×50 m2 and the 7-fold rotational
symmetry of the nanoholes’ distribution can still be observed. With an increase in the
nanoholes’ size, some of nanoholes may overlap neighboring nanoholes, forming some
ring patterns on the binary masks as shown in plate (d).4.5. Discussions 131
Figure 4.26: Patterns of a 7-fold symmetry quasi-periodic nanohole array with
diﬀerent nanoholes’ size ϕ. Schematic diagrams. Plates (a) to (d) show the patterns of
a 7-fold symmetry quasi-periodic nanohole array with the size of nanoholes changed from
400 nm to 1 m in diameter. The overall area of each array pattern is 50 ×50 m2. Note
that some of nanoholes may overlap with the neighboring nanoholes as the size of nanoholes
increases.
Fig. 4.27 shows the diﬀracted ﬁeld distributions from the arrays at a height of 4 m
(λ = 660 nm). In the results, all the maps exhibit a 7-fold rotationally symmetric ar-
rangement which are similar to the diﬀraction pattern shown in Fig. 4.25 (b), indicating
the positions of nanoholes are signiﬁcant to the pattern generation above the array.
With an increase in the nanoholes’ size, though energy hot-spots with higher in-
tensity can be created due to more optical energy passing through the binary mask in
the same overall area, the energy side lobes around the hot-spots will rapidly increase,
making the ﬁeld distributions complicated. As Fig. 4.27 (d) shows, many subwave-
length energy hot-spots at local centers surrounded by bright halos occur on the image
plane. The size of the energy hot-spots can be arbitrarily small, but the energy of the
spots will be much lower compared to the surrounding side lobes. This is the expense132 4. Subwavelength light localization beyond the near ﬁeld
of subwavelength hot-spot generation. Such a complicated ﬁeld distribution makes the
use of the subwavelength hot-spots more diﬃcult. Therefore, an equilibrium choice on
the size of nanoholes with diﬀerent nanohole arrangements is required, depending on
the intended application.
Figure 4.27: Diﬀraction patterns generated above 7-fold symmetry quasi-
periodic nanohole arrays with diﬀerent nanoholes’ size. Calculation results. Plates
(a) to (d) display the calculated ﬁeld distributions above 7-fold symmetry quasi-periodic
nanohole arrays with nanoholes’ diameter changed from 400 nm to 1 m. The illumination
wavelength is λ = 660 nm and the patterns are on a plane 4 m from the arrays’ surface.
Note that the patterns have similar 7-fold rotational symmetry. With an increase in the
nanoholes’ size, more subwavelength optical localizations with increased energy side lobes
surrounded can be observed on the image plane. The size of all the images is 50 ×50 m2.4.5. Discussions 133
4.5.2 Selection of illumination wavelengths
Regarding the wavelength of illumination on nanohole arrays, it is not necessary to use
λ = 660 nm as in the previous discussions. The reason for choosing this illumination
wavelength is that the optical source could be easily acquired in our lab to conduct the
experiments. Actually, with diﬀerent wavelength illumination of the same nanohole
array, a similar diﬀraction pattern can be created at diﬀerent distance from the array’s
surface. Here, we use the 7-fold symmetry quasi-periodic nanohole array illuminated
with two diﬀerent wavelengths of 550 nm and 660 nm as an example. As the calcula-
tion results in Fig. 4.28 (a) and (b) show, similar diﬀraction patterns can be created
by the array illuminated with the two wavelengths at height of 16 m and 14.8 m,
respectively. In fact, in the designs of nanohole arrays to achieve an isolated energy
hot-spot generation within a wide ﬁeld of view, we have also tested radially symmetric
quasi-periodic nanohole arrays with diﬀerent orders of rotational symmetry and diﬀer-
ent illumination wavelengths. Fig. 4.29 shows some calculation results, indicating that
an isolated energy hot-spot can be created at diﬀerent distance above diﬀerent types
of nanohole arrays with diﬀering illumination wavelengths.
Figure 4.28: Similar diﬀraction patterns generated above a 7-fold symmetry
quasi-periodic nanohole array with diﬀerent illumination wavelengths. Calcula-
tion results. (a) shows a signiﬁcant ﬁeld distribution above a 7-fold symmetry quasi-periodic
nanohole array created by an illumination of λ = 660 nm at height of 16 m, while a sim-
ilar diﬀraction pattern (b) can be revealed at diﬀerent height of 14.8 m when the array is
illuminated by λ = 550 nm. The size of the image plane is 50 ×50 m2.134 4. Subwavelength light localization beyond the near ﬁeld
Figure 4.29: Isolated energy hot-spots generated by radially symmetric quasi-
periodic nanohole arrays with diﬀerent rotational symmetry and diﬀerent il-
lumination wavelengths. Calculated ﬁeld distributions. Plates (a) to (c) schematically
show the patterns of nanohole arrays with diﬀerent rotational symmetry. The patterns are
included in an overall area of 50 ×50 m2 and the diameter of the nanoholes is 200 nm.
Plates (d) to (f) display the corresponding ﬁeld distributions of an energy hot-spot generated
on planes at diﬀerent heights Z with diﬀerent illumination wavelengths as indicated in the
ﬁgures. The insets show the detailed ﬁeld distributions in a zoom-in area of 10 ×10 m2.
4.5.3 Scaling of the nanohole arrays
Another interesting issue is the impact of the scaling on the nanohole arrays’ design on
the diﬀraction patterns generated above it. According to the algorithms for generating
quasi-periodic pattern on a 2D plane, there is no boundary limitation on the quasi-
periodic sequence. That is to say, the positions of nanoholes can be obtained anywhere
on an inﬁnite plane and the distance between nanoholes can be arbitrarily changed
using diﬀerent scales. Here, we use the 7-fold symmetry quasi-periodic nanohole arrays
with diﬀerent scaling sizes as an example. As shown at the top of Fig. 4.30, the
nanohole array pattern a is included in an area of 50 ×50 m2 as shown in the plate
(i) of Fig. 4.30 (a), while the other array b with a scale factor of 2 is included within
an area of 100 ×100 m2 as shown in the plate (i) of Fig. 4.30 (b). The diameter of the
nanoholes in both nanohole arrays is ﬁxed at 200 nm. With plane wave illumination of4.5. Discussions 135
λ = 660 nm on the nanohole array a, diﬀraction patterns within 50 m2 at Z = 4 m
and Z = 16 m away from the array are shown in plates (ii) and (iii) in Fig. 4.30
(a). By using an illumination wavelength with scale factor of 2 on the scaled nanohole
array b, identical ﬁeld distributions will be produced at twice the imaging distance Z.
As shown, plates (ii) and (iii) in Fig. 4.30 (b) show the same calculated diﬀraction
patterns as the plates (ii) and (iii) in Fig. 4.30 (a). The illumination wavelength is
1.32 m and the patterns are on scaled image planes of 100 m2 at Z = 8 m and
32 m. The ratio of energy hot-spots to the overall area is the same in both cases.136 4. Subwavelength light localization beyond the near ﬁeld
Figure 4.30: Field distributions generated above diﬀerent scaled nanohole ar-
rays. At the top of the ﬁgure, the schematic diagram shows an arrangement of illumina-
tions on diﬀerent scaled nanohole arrays and identical ﬁeld distributions generated at scaled
imaging distances. Plate (i) in (a) shows the pattern of a 7-fold symmetry quasi-periodic
nanohole array in an area of 50 m2, while (ii) and (iii) display the diﬀraction patterns
at Z = 4 m and 16 m respectively as the array illuminated with λ = 660 nm. (b) shows
the plane wave illumination of 1.32 m on a scaled nanohole array of 100 m2. Plates (ii)
and (iii) in (b) display the same ﬁeld distributions at scaled imaging distance of 8 m and
32 m.
Since the same ﬁeld distributions can be created further away from an expanded
nanohole array’s surface, it is of interest to re-examine and compare the transverse
and axial focusing ability of the 20-fold and 27-fold symmetry quasi-periodic nanohole
arrays within the same overall area. By ﬁxing the area of the two nanohole arrays in a
size of 50 ×50 m2 and illuminating with a plane wave of λ = 660 nm, the calculated
ﬁeld distributions of a 20-fold and a 27-fold symmetry quasi-periodic nanohole array
on XZ plane at Y = 0 are shown in Fig. 4.31 (a) and (b), respectively. As seen4.5. Discussions 137
from the results, both nanohole arrays can be used as super-oscillating binary masks
to concentrate diﬀracted light along the central axis of the arrays and generate isolated
energy hot-spots on planes at various heights. Regarding the Z-extent of the focusing,
the optical energy can be propagated further away from the array’s surface by using a
27-fold symmetry quasi-periodic nanohole array, activating a “light channel” along the
central axis of the array. Along the light channel, several subwavelength energy hot-
spots can be produced at various distances away from the array’s surface. This result
can lead to further applications like scanning microscopy, bio-sensors or detectors and
high density data storage.
Figure 4.31: Light channel activation. Calculated ﬁeld distributions along the Z di-
rection on XZ plane at Y = 0. Radially symmetric quasi-periodic nanohole arrays with (a)
20-fold and (b) 27-fold rotational symmetry are included in an overall area of 50 ×50 m2
and illuminated by a plane wave of λ = 660 nm. In both cases, the optical energy can
be concentrated at centre of the array and several energy hot-spots can be produced along
the Z direction, making it an isolated hot-spot generator. By using a 27-fold symmetry
quasi-periodic nanohole array, a light channel is activated and the optical energy can be
propagated further away from the array’s surface than with the use of a 20-fold symmetry
quasi-periodic nanohole array.138 4. Subwavelength light localization beyond the near ﬁeld
To sum up, the ﬁeld distributions generated above nanohole arrays are highly cor-
related with nanohole arrangements, the parameters of the nanohole array design and
the illumination wavelengths. An isolated energy hot-spot can be created within a
wide ﬁeld of view by using a quasi-periodic nanohole array with radially symmetric
arrangement as an isolated energy hot-spot generator. The optimum hot-spot size and
intensity can be obtained through an optimization process of various parameters in the
nanohole arrays’ design such as the size of nanoholes, the scaling of the nanohole array’s
pattern and the illumination wavelengths. Regarding the patterns of nanohole arrays’
design, in this thesis, we only considered and discussed the quasi-periodic nanohole
arrays with diﬀerent rotational symmetry to be used as a super-oscillating binary mask
to generate energy hot-spots beyond the evanescent region. In fact, it is also inter-
esting to explore other nanoholes’ arrangements which can be obtained from diﬀerent
algorithms such as Fibonacci lattice, mid-temp coulomb gas and the Poisson process.
Besides the binary masks composed of discrete nanoholes, recently a super-oscillating
binary mask with multiple concentric rings also shows a subwavelength hot-spot created
at few wavelengths away from the array’s surface, which can be used for subwavelength
imaging [152].
4.6 Conclusions
Through theoretical and experimental analyses of the generated diﬀraction patterns
above nanohole arrays with diﬀerent nanohole arrangements, it has been demonstrated
that a well-deﬁned, isolated subwavelength energy hot-spot can be created in a wide
ﬁeld of view by illuminating a super-oscillating binary mask of a radially symmetric
quasi-periodic nanohole array. Such an isolated energy hot-spot has been observed at
distances ranging from a few microns to a few tens of microns away from the surface
of the array. With the existence of such highly-concentrated energy hot-spots, a quasi-
periodic nanohole array can mimic the function of a high N.A. lens to collect light into
a very small volume. It is believed that this technology can be applied in a wide range
of areas. For instance, it can be used as a light pen for subwavelength imaging or lithog-
raphy by scanning the object under investigation across the focal spot. In addition, its
advantage over near-ﬁeld scanning probes is the large distance between the nanohole4.6. Conclusions 139
array and the object, of the order of a few microns. This feature allows the array to
be used for focusing inside cells and other microscale objects. Also, the considerable
gap between the array and the object will lead to much faster scanning and more rapid
image acquisition than near-ﬁeld optical microscopy. With such high localization of
optical energy and subwavelength resolution, other applications can also be envisaged,
such as high resolution photolithography, high-density optical data storage, and optical
trapping.5
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5.1 Synopsis
In this chapter, the lensing functions and imaging abilities of a quasi-periodic nanohole
array in a metal screen will be investigated and demonstrated. First, a brief introduc-
tion on how to use a nanohole array as an imaging lens will be illustrated in Section 5.2.
Then Section 5.3 will show a comparison of the imaging of a point light source between
using periodic and quasi-periodic nanohole arrays and include a description of how an
imaged pattern can be generated on the other side of a nanohole array based on the self-
imaging mechanism. In Section 5.4, the lensing functions of a quasi-periodic nanohole
array will be theoretically and experimentally veriﬁed by (1) one-to-one imaging of
a point light source and (2) linear displacement of an imaged spot. Furthermore, in
Section 5.5, imaging of two separated point light sources with coherent and incoherent
light illumination will be considered to evaluate the eﬀective numerical aperture (N.A.)
of a quasi-periodic and a radially quasi-periodic nanohole array lens. Before proceeding
to the conclusions in Section 5.7, Section 5.6 will present the calculation results of the
imaging of single nanoslits with diﬀerent lengths and their combinations with diﬀerent
separations, such as double nanoslits and gratings.
5.2 Lensing functions of a quasi-periodic nanohole array
The mechanism of how a nanohole array can work like a conventional lens for imaging
will be illustrated below.
As mentioned in Chapter 4, a quasi-periodic nanohole array in a metal screen can
be used as a light concentrator, converting optical energy into energy hot-spot foci [10,
146]. Our studies have shown that such focusing ability enables subwavelength energy
hot-spots to be created at distances a few tens of wavelengths away from the array.
Moreover, through careful selection of nanohole array patterns and the wavelength of
incident radiation, an isolated focused hot-spot can be created within a wide ﬁeld of
view by illuminating a radially symmetric quasi-periodic nanohole array, making the
nanohole array perform as a high N.A. lens.
The focusing ability of a quasi-periodic nanohole array mentioned above is mani-
fested by illuminating the nanohole arrays with a plane wave. However, a focused spot
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illumination [157]. As long as the focused spot moves correctly as light source moves,
this focusing ability with a point source illumination gives another exploitation of a
quasi-periodic nanohole array to mimic the one-to-one imaging function of a conven-
tional lens − the ability to image a point light source a few tens of wavelengths from the
array into an imaged spot on the other side of the array. As Fig. 5.1 (a) illustrates, an
imaged spot will be formed on the other side of a lens. When linearly shifting the point
light source from Y to Y + δY , the imaged spot will move in the opposite direction
from y to y+δy on the image plane. Similarly, based on the one-to-one imaging ability
of a quasi-periodic nanohole array, Fig. 5.1 (b) schematically illustrates the imaging
mechanism and how a quasi-periodic nanohole array functions as a conventional lens to
image diﬀerent objects. As shown, the point light source is placed on an object plane at
a distance of Zobj away from the array, while an imaged spot is generated on the other
side of the array at Zimg. A small movement of the point light source leads to a linear
displacement of the imaged spot; therefore, such a correlation implies that a nanohole
array performs the one-to-one imaging function of a conventional lens. Furthermore,
complex structures which are composed of multiple point light sources can be imaged
with resolutions comparable to the imaging with conventional lenses with high N.A..
By using a quasi-periodic nanohole array as a lens, important applications such as X-ray
imaging and nano-optical circuits may be found in circumstances where conventional
optical lenses cannot readily be applied. To demonstrate the use of a nanohole array as
a lens, a discussion on the selection of nanohole array patterns will be presented below.
Then, the lensing functions and imaging abilities will be discussed for diﬀerent types
of quasi-periodic nanohole arrays, coherent and incoherent light sources, and various
imaged objects.144 5. Nanohole array as a lens
Figure 5.1: A quasi-periodic nanohole array can be used as a conventional lens
for the imaging. Schematic diagrams illustrate that a quasi-periodic nanohole array (b)
can be used as a conventional lens (a) to image two closely spaced optical point sources (Y
and Y +δY ) into two imaged spots (y and y+δy) on the other side of the array. Compared
to the imaging of point light sources with a conventional lens, a quasi-periodic nanohole
array with a point light source illumination also shows the ability to generate a focused spot
on the other side of the array which can be considered as an imaged spot of the point light
source.
The displacement of imaged spots is opposite to the direction of light sources’
movement which mimics the imaging function of a conventional lens. The image plane
is at distance Zimg away from the nanohole array, while the point light sources are
placed on an object plane at distance Zobj to the array. Both of the distances are in a
range of few tens of wavelength.
5.3 Selection of nanohole array patterns
Although nearly any array with small holes can create a diﬀraction pattern of foci when
illuminated by a point light source, a careful choice of nanohole arrays’ pattern is still
required since the patterns are highly related to the lensing performance of a nanohole5.3. Selection of nanohole array patterns 145
array. Here, we use a periodic and a quasi-periodic nanohole array as examples. For
consistency, in both cases, nanoholes of each array are included in an area of 50 ×50 m2
and the diameter of the nanoholes is 200 nm. In theoretical calculations, a point light
source illumination of λ = 660 nm is placed on the central axis of each array and at a
distance of Zobj = 11.4 m to the arrays’ surface. First, for the periodic case, a regular
51×51 nanohole array with translational symmetry is used and a segment of the array
is shown in Fig. 5.2 (a). The pitch of the nanoholes is 1 m. With a point light source
illumination, a calculated result of the ﬁeld distribution above the array on the XZ
plane at Y = 0 is shown in Fig. 5.2 (b), while Fig. 5.2 (c) and (d) display the diﬀraction
patterns on the XY plane at the distance of Zimg = 5.8 m and Zimg = 11 m away
from the array’s surface as the green dashed lines indicated in Fig. 5.2 (b), respectively.
From the calculation results, it is found that the regular nanohole array with a point
light source illumination will be self-imaged into a pattern of dense focused hot-spots
and the generated diﬀraction patterns above the array fail to reveal an imaged pattern
of the point light source, suggesting that a periodic nanohole array is not suitable to
be used as a lensing device for the imaging.146 5. Nanohole array as a lens
Figure 5.2: Lensing performance of a periodic nanohole array. Calculation
results. Plate (a) schematically shows a fraction of a 51×51 periodic nanohole array. The
diameter of the nanoholes is 200 nm and the period between the nanoholes is 1 m. The
nanohole array is illuminated with a point light source which is on the central axis of the
designed array and placed on an object plane at Zobj = 11.4 m away from the array’s
surface. The wavelength is λ = 660 nm. (b) shows a calculated result of ﬁeld distributions
above the array on the XZ plane at Y = 0, while plates (c) and (d) display the diﬀraction
patterns on the XY plane at the distance of Zimg = 5.8 m and Zimg = 11 m as the
green dashed lines indicated in (b). Note that the generated diﬀraction patterns show dense
hot-spot foci with a magniﬁed period as the green arrow indicates in (d). The diﬀraction
patterns above a periodic nanohole array fail to reveal an image of the point light source.
On the other hand, by illuminating a quasi-periodic nanohole array with a point
light source, a very diﬀerent result can be produced. Here, we use a 5-fold symmetry
quasi-periodic nanohole array as an example and a segment of the array’s pattern is
schematically shown in Fig. 5.3 (a). By illuminating with a point light source of 660 nm
placed at Zobj = 11.4 m away from the array, a calculated ﬁeld distribution above the
quasi-periodic nanohole array on the XZ plane at Y = 0 is shown in Fig. 5.3 (b), while
Fig. 5.3 (c) and (d) display the diﬀraction patterns at distances of Zimg = 8.1 m and
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that most of the optical energy from a point light source illumination is concentrated on
the central axis of the designed array and forms an isolated hot-spot at some distance
on the other side of the array. As Fig. 5.3 (d) at Zimg = 11 m shows, an isolated
focused spot, which can be interpreted as an imaged spot of the point light source, is
generated on the other side of the array, mimicking the imaging function of a lens.
Figure 5.3: Lensing performance of a quasi-periodic nanohole array. Calcula-
tion results. Plate (a) schematically shows a fraction of a 5-fold symmetry quasi-periodic
nanohole array and the diameter of the nanoholes is 200 nm. A point light source of
λ = 660 nm is placed on an object plane at Zobj = 11.4 m away from the array’s surface
and located on the central axis of the array. (b) shows the calculated ﬁeld distribution above
the array on the XZ plane at Y = 0, while plates (c) and (d) display the diﬀraction pat-
terns on the XY plane at the distance of Zimg = 8.1 m and Zimg = 11 m as the green
dashed lines indicated in (b). Note that a focused spot is generated as an image of the
source on the other side of the quasi-periodic nanohole array at Zimg = 11 m as shown
in plate (d).148 5. Nanohole array as a lens
As mentioned in Section 4.2, the diﬀraction patterns generated above nanohole
arrays result from the partial reconstruction of the array’s ﬁeld. With plane wave illu-
mination on a regular nanohole array with a period a, the diﬀracted ﬁeld distributions
will show reconstruction of the array’s ﬁeld at periodic distances from the array. This
phenomenon is called the Talbot eﬀect and the foci in the reconstructed patterns have
the same period a as the period between the nanoholes in the array. Furthermore,
if a periodic nanohole array is illuminated with a divergent light beam which can be
created by a point-like light source illumination, the reconstructed image of the array’s
ﬁeld will be magniﬁed. Therefore, the reconstructed ﬁeld distributions of hot-spot foci
do not necessarily have the same period as the original patterns, as demonstrated in
Fig. 5.2 (d) with a increased period of 2 m.
The lensing functions of a quasi-periodic nanohole array can also be compared
to the partial reconstruction of the array’s ﬁeld in the diﬀraction zone. As noted,
reconstruction of a quasi-periodic nanohole array’s ﬁeld above the array is a complex
diﬀraction process and the weight of the spectral maxima is varied at diﬀerent distances
away from the array’s surface. Therefore, with divergent light beam illumination,
partial reconstruction of the array’s ﬁeld will take place and the pattern of reconstructed
ﬁeld distributions will have the appearance of a scaled partial image of the array.
What is worth mentioning is that at some distances an imaged pattern
representing the point light source will occur. In other words, the pattern results
from a constructive interference of waves emanated from a large number of nanoholes
in the array as the focused spot of a conventional lens depends on the available wave
vectors of the interfering waves.
When a quasi-periodic nanohole array is illuminated with a plane wave, well-deﬁned
sparsely distributed foci will be generated in the diﬀraction patterns. In contrast, in
the case of a point-like source, a bright imaged spot will emerge in the area on the
other side of the array which is immediately opposite to the point source. If there is
a relative movement between the array and the point-like source along the direction
perpendicular to the axis Z, the bright imaged spot in the diﬀraction pattern will move
accordingly to maintain the constructive interference necessary for the formation of
foci. This is how a quasi-periodic nanohole array mimics the imaging function of a
conventional lens.5.4. Lensing functions of a nanohole array lens with quasi-periodic arrangement 149
Since the light diﬀraction above a quasi-periodic nanohole array is complex, the
lensing functions and the imaging abilities of diﬀerent types of nanohole array lenses
need more in depth investigation. According to the order of rotational symmetry in
the quasi-periodic nanohole arrays, as categorised in Chapter 4, there are two types
of the quasi-periodic nanohole arrangement with diﬀerent orders of rotational symme-
try − quasi-periodicity and radially symmetric quasi-periodicity. To demonstrate and
compare the lensing functions of these two types of quasi-periodic nanohole arrays,
one-to-one imaging of a point light source and linear displacement of an imaged spot
will be used to verify the lensing functions of a nanohole array lens. In addition, in
terms of the imaging abilities of nanohole array lenses, diﬀerent types of objects with
coherent and incoherent illumination will be investigated. The results will be described
and discussed below.
5.4 Lensing functions of a nanohole array lens with quasi-
periodic arrangement
5.4.1 One-to-one imaging of a point light source
To demonstrate that a nanohole array can function as a lens and compare the lensing
functions of quasi-periodic nanohole arrays with diﬀerent rotational symmetry, we ﬁrst
use a 5-fold symmetry quasi-periodic nanohole array to acquire one-to-one imaging of
a point light source and test the linear displacement of an imaged spot. The array has
a 5-fold rotational symmetry quasi-periodic pattern and the positions of nanoholes are
obtained by the cut and project method. There are about 14,000 nanoholes contained
in an area of 200 ×200 m2 and the array is identical to the schematic diagram as
shown in Fig. 5.3 (a). The diameter of nanoholes is 200 nm and the minimum sep-
aration between the neighbouring nanoholes is 1.2 m. This quasi-periodic nanohole
array sample is fabricated by Dr. Y. Chen at Rutherford Appleton Laboratory in the
U.K. and manufactured by the e-beam lithography (EBL) technique in a 100 nm alu-
minium ﬁlm deposited on a silica substrate. To theoretically calculate diﬀracted ﬁeld
distributions above the array, the scalar angular spectrum method is employed and a
point light source with a wavelength of 660 nm is used to illuminate the quasi-periodic
nanohole array. In the model, a point light source is located on the central axis of the150 5. Nanohole array as a lens
array and placed on an object plane at Zobj = 11.4 m away from the array’s surface.
The distance of Zobj = 11.4 m chosen here is corresponding to the focal distance of
the array under a plane wave illumination at λ = 660 nm.
Figure 5.4: Lensing functions of a 5-fold symmetry quasi-periodic nanohole
array lens: One-to-one imaging of a point light source. Plates (a) to (c) display the
calculated ﬁeld distributions of foci at diﬀerent distances Zimg of 5 m, 10.2 m and 11 m
away from a 5-fold symmetry quasi-periodic nanohole array lens, respectively. The array
is under point light source illumination at a wavelength of λ = 660 nm, while the point
light source is placed on an object plane at Zobj = 11.4 m away from the array’s surface.
The green dashed lines indicate the ﬁeld of view D and the size of foci d in diameter. Note
that a representative imaged spot is selected at Zimg = 11 m where the ﬁeld of view D is
maximum, exceeding the image size of 10 ×10 m2.
With point light source illumination, the calculated diﬀraction patterns can be
obtained on the other side of the array theoretically. As described in Fig. 5.3 (b), most
of the optical energy from the point light source illumination is concentrated on the
central axis and several diﬀraction patterns with bright spots at centre can be seen at
the distances Zimg of 5 m, 10.2 m and 11 m above the array as shown in Fig. 5.4 (a)
to (c), respectively. Such a bright spot is analogous to the focus of a conventional lens.
In this sense, there are two important parameters to be considered − the diameter d of
the imaged spot size at full width half maximum (FWHM) and the diameter D of the
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array as a lens feasibly, minimization of the focused spot size d and maximization of
the ﬁeld of view D have to be taken into consideration. In Fig. 5.4 (a), at Zimg = 5 m,
a focused spot with a diameter of d = 270 nm is generated within a ﬁeld of view of
D = 2.8 m. Fig. 5.4 (b) shows a smaller focused spot of d = 170 nm presented in a
halo of optical energy within a smaller ﬁeld of view of D = 0.75 m at Zimg = 10.2 m,
reconﬁrming that subwavelength optical ﬁelds can be created in the far ﬁeld without
the evanescent waves [8,10,146]. In respect of the largest ﬁeld of view, exceeding the
image size of 10 ×10 m2, it is found at Zimg = 11 m, where the diameter of the
focused spot size is around 320 nm. Such a bright focused spot can be considered
as an imaged spot representing the original point light source and the distance Zimg
between the image plane and the array is the focal length. An experiment to verify the
one-to-one imaging ability of a 5-fold symmetry quasi-periodic nanohole array will be
conducted as follows.
To experimentally demonstrate the one-to-one imaging using the lensing functions
of a 5-fold symmetry quasi-periodic nanohole array, a metal coated tapered ﬁbre tip is
used as a point-like light source to illuminate the quasi-periodic nanohole array sample.
The schematic diagram of the experimental setup is shown in Fig. 5.5 (a). A SNOM
probe is positioned above the nanohole array at a distance of Zobj = 11.5 m with
the aperture size of the probe around 100 nm. As for the optical source, a diode laser
operating at λ = 635 nm is launched into the ﬁbre and thus creates a point-like light
source above the nanohole array’s surface. The pattern of an imaged focused spot is
formed on the other side of the array and is imaged onto the CCD array of a digital
camera (SPOT, RT3) through an objective lens (N.A.=0.65) and a magnifying lens in
front of the camera. With a coarse position tunning of the CCD camera, images of
the generated diﬀraction patterns can be obtained in 1 m steps away from the array’s
surface. To conﬁrm the feasibility of imaging in this experimental setup, Fig. 5.5 (b)
shows a fragment (20 ×20 m2) of a CCD image of the quasi-periodic nanohole array’s
surface when the array is illuminated with an normally incident white light source.
Here, a clear 5-fold rotational symmetry quasi-periodic pattern on the sample surface
can be seen. By using a ﬁbre tip as a point-like light source to illuminate the nanohole
array, a diﬀraction pattern with a focused spot located at centre can be observed at
distance of Zimg = 11 m from the array’s surface as shown in Fig. 5.5 (c). Such a152 5. Nanohole array as a lens
focused spot resembles the imaging of the point light source and the size of the imaged
spot is around 500 nm.
Figure 5.5: Schematic diagram of the experimental setup for the one-to-one
imaging of a quasi-periodic nanohole array and the results. (a) A tapered metallic
ﬁbre tip is used as a point-like light source to illuminate the quasi-periodic nanohole array
and positioned above the array at a distance of Zobj. The diﬀraction patterns at diﬀerent
distances away from the array are imaged by a CCD camera with a coarse position tunning
of 1 m. (b) shows a CCD image of the quasi-periodic nanohole array’s surface when the
array is illuminated with normally incident white light. A distinguished 5-fold symmetry
quasi-periodic pattern can be observed here. By positioning a ﬁbre tip at Zobj = 11.5 m
above the array, (c) shows an imaged focused spot which represents the point light source
formed on an image plane at distance of Zimg = 11 m away from the array and the size
of the imaged spot is around 500 nm. Here, the wavelength of the light launched into ﬁbre
is 635 nm. The size of both CCD images is 20 ×20 m2.
5.4.2 Linear displacement of an imaged spot
Besides one-to-one imaging of a point light source, another essential property of a lens
is the ability to image a moving point light source, showing an imaged spot with a linear
displacement opposite to the direction movement of the light source. With the same
experimental setup as mentioned above, by ﬁxing the SNOM probe on the same object
plane at a distance of Zobj = 11.5 m away from the sample surface and moving it from
a starting point at Y = 0 nm to Y +δY = 600 nm with a nanoscale step of δY = 100 nm,
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linearly in the opposite direction from y = 0 nm to y + δy = 600 nm. As Fig. 5.6 (a)
shows, the step between the imaged spots is around δy = 100 nm, corresponding to the
movement of the light source. Fig. 5.6 (b) shows the corresponding calculated results for
imaged spot movement with shift of the point light source. Such a linear displacement
of an imaged focused spot in this small range is analogous to a conventional lens with
approximately unitary magniﬁcation.
Figure 5.6: Lensing functions of a 5-fold symmetry quasi-periodic nanohole
array lens: linear displacement of an imaged spot. Lensing function of a 5-fold
symmetry quasi-periodic nanohole array lens: when a point light source moves in the Y di-
rection as the green arrows indicate, an imaged spot moves linearly in the opposite direction
y. By ﬁxing a SNOM probe on an object plane at Zobj = 11.5 m away from the array’s
surface and moving it linearly with a nanoscale step of 100 nm, (a) shows CCD images of
the imaged spot with a linear displacement in the opposite direction y. The moving step of
the imaged spot is around 100 nm, showing an approximately unitary magniﬁcation of the
moving point light source. (b) shows the corresponding calculation results. All the images
have a size of 2.5 ×2.5 m2.
5.4.3 Eﬀective imaging area of a nanohole array lens
From the theoretical and experimental results discussed above, the imaging properties
of a nanohole array conform to the lensing functions of a conventional lens in a small
range. However, regarding large imaging area with a nanohole array lens, there are two
possibilities which might aﬀect the image quality and the position of an imaged spot.
(1) Light from a point light source illumination is divergent and the distances from
the point light source to each nanohole are diﬀerent. Therefore, when a nanohole
array is illuminated with a point light source, the intensities on each nanohole will154 5. Nanohole array as a lens
be diﬀerent, depending on the positions of light sources.
(2) Regarding nanoholes’ distribution on a quasi-periodic nanohole array, there is no
translational symmetry on the nanoholes’ arrangement. Namely, when a point light
source on an object plane moves in the direction parallel to the array’s surface, the
number and arrangement of nanoholes which exhibit high intensity may change
slightly.
In such circumstances, when a point light source is moved arbitrarily far away from
a pre-set starting point, the linear displacement of a represented imaged spot and the
correlation between point light sources and imaged spots may be aﬀected. Thus, it
is of interest to estimate the eﬀective imaging area, where a point light source can
still be imaged on the other side of a quasi-periodic nanohole array lens, showing the
correlation between point light sources and imaged spots. To determine the size of the
eﬀective imaging area, here we will theoretically calculate the diﬀraction patterns with
a point light source illumination moved further away from a pre-set starting point on
an object plane. Moreover, for those positions of a point light source which exceed the
eﬀective imaging range, a series of calculations will be conducted to ﬁnd a new imaged
spot to represent the point light source at diﬀerent imaging distances and positions.
In Fig. 5.7, the two rows of images (a) and (b) show the calculation results of
diﬀraction patterns with a point light source of λ = 660 nm moved away from a pre-set
starting point to ±3 m in the X and Y direction, respectively. Both the calculated
maps in the middle of the two sequences display an imaged spot generated at Zimg =
11 m away from a 5-fold symmetry quasi-periodic nanohole array, when a point light
source is placed on the central axis of the array at Zobj = 11.4 m. The images have
an area of 10 ×10 m2. The white dots in each image show the positions of a point
light source in calculations and the green triangles display the expected location of a
corresponding imaged spot. As the results show, an imaged spot which represents the
original point light source cannot be clearly distinguished in the blurred images when
the point light source is moved to ±3 m away from the pre-set starting point both
in the X and Y direction, while it still can be seen if the movement of the point light
source is less than ±2 m. Therefore, the eﬀective imaging area of a 5-fold symmetry
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6 m. In the eﬀective imaging area, an imaged spot can be seen on the other side of
the nanohole array lens which represents the point light source and shows a correlated
displacement with the point light source. For those positions of a point light source
outside the eﬀective imaging area, calculations in which we carefully choose the imaging
distance to ﬁnd an imaged spot will be conducted and demonstrated below.
Figure 5.7: Imaging of a point light source moved away from a pre-set starting
point. Calculation results. The two rows of images (a) and (b) show the calculated ﬁeld
distributions with a point light source moved away from a pre-set starting point to ±3 m
in the X and Y directions, respectively. Both the images in the middle of the two rows
display an imaged spot generated on an image plane at Zimg = 11 m away from a 5-fold
quasi-periodic nanohole array lens, when a point light source of λ = 660 nm is positioned
on an object plane at Zobj = 11.4 m. From the results, an imaged spot which represents
the original point light source cannot be clearly distinguished in the blurred images as the
light source is moved to ±3 m away from the pre-set starting point both in the X and
Y direction, suggesting an estimated eﬀective imaging area is around 4 m to 6 m in
diameter. Here, the size of images is 10 ×10 m2.
As the nanoholes are distributed in a quasi-periodic array, there is no deﬁned centre
in the nanoholes’ arrangement. That is to say, there is no particular position which
is the “best” starting point to place the point light source above the array. Thus, to
demonstrate that any place above a quasi-periodic nanohole array lens can be a suitable
starting point, a point light source is positioned at 6 m in the X direction and −2.5 m
in the Y direction away from the former starting point (outside the eﬀective imaging
area) as the white dot indicates in Fig. 5.8 (a). The point light source of λ = 660 nm
is placed on an object plane at the same object distance of Zobj = 11.4 m away from
the 5-fold symmetry quasi-periodic nanohole array’s surface. An imaged spot of the
point light source can be found immediately opposite to the point source at a diﬀerent
imaging distance of Zimg = 11.2 m. This location of the point light source can be156 5. Nanohole array as a lens
used as a new starting point and the eﬀective imaging range of the imaged spot can be
shown to have a similar size.
Figure 5.8: A new starting point to place a point light source above a quasi-
periodic nanohole array lens. Calculation results. With a new location of a point light
source of λ = 660 nm placed at 6 m in the X direction and −2.5 m in the Y direction as
the white dot indicates in plate (a), an imaged spot can be found immediately opposite to
the point light source on an image plane at Zimg = 11.2 m away from a nanohole array
lens, while the point light source is placed on an object plane at Zobj = 11.4 m.
From the discussions above, the object distance Zobj between an object plane and
the surface of a nanohole array lens is only selected at Zobj = 11.4 m. This is because
when a 5-fold symmetry quasi-periodic nanohole array is illuminated with a plane wave
of λ = 660 nm, optical energy concentrations as energy hot-spot foci will be generated
on an image plane at a distance of 11.4 m away from the array’s surface. However,
there is not any speciﬁc reason to limit ourselves to only position a point light source
on an object plane at an object distance with a ﬁxed value. Therefore, it is interesting
to examine the lensing functions of a nanohole array lens with a point light source
located at diﬀerent distances Zobj away from the array lens’ surface. Here, we choose
the location of a point light source at a distance of Zobj = 16 m as an example. From
the calculation results, an imaged focused spot which can represent the point light
source and demonstrate the one-to-one imaging abilities of a nanohole array lens is
generated at the distance of Zimg = 15.1 m on the other side of the array as shown
in Fig. 5.9 (d). The imaged spot has a smaller size of 300 nm. By moving the point
light source on the object plane at a distance of Zobj = 16 m, linear displacement of
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4 m to 6 m in diameter as the calculation results indicate in Fig. 5.10.
Figure 5.9: A point light source placed on an object plane with diﬀerent object
distances Zobj. Calculation results. By using a 5-fold symmetry quasi-periodic nanohole
array as a nanohole array lens, a represented imaged spot as shown in plate (b) is generated
on an image plane at Zimg = 11 m away from the nanohole array lens, while a point light
source of λ = 660 nm is placed on an object plane at object distance of Zobj = 11 m.
When a point light source is moved along the central axis of the array to a distance of
Zobj = 16 m, an imaged spot will be produced on another image plane at Zimg = 15.1 m
which is demonstrated in plate (d).158 5. Nanohole array as a lens
Figure 5.10: Imaging of a point light source moved away from a starting point.
Calculation results. Plate (d) shows an imaged focused spot generated on the other side of a
5-fold symmetry quasi-periodic nanohole array lens at a distance of Zimg = 15.1 m, while
a point light source of λ = 660 nm is placed on an object plane at Zobj = 16 m away from
the nanohole array lens. By moving the point light source away from the starting point
to ±3 m in the X direction on the object plane, plates (a) to (g) show the calculation
results of the diﬀraction patterns with the imaged spot. From the results, an imaged spot
which represents the original point light source cannot be clearly distinguished in the blurred
images when a point light source is moved to ±3 m away from the starting point in the
X direction, suggesting an estimated eﬀective imaging area is around 4 m to 6 m in
diameter. Here, the size of images is 10 ×10 m2.
5.4.4 Lensing functions of a nanohole array lens with radially sym-
metric quasi-periodic arrangements
Besides the nanohole array lens with a 5-fold symmetry quasi-periodic arrangement,
we have also studied the one-to-one imaging of an optical source using a 20-fold sym-
metry quasi-periodic nanohole array, which exhibits a radially symmetric arrangement
of nanoholes. This array contains about 4,000 nanoholes, whose diameter is 200 nm
and all the nanoholes are contained in an overall area of 50 ×50 m2. A segment of a
20-fold symmetry quasi-periodic nanohole array is schematically shown in Fig. 5.11 (a).
The coordinates of the nanoholes in the array are obtained from the multigrid method
using JcrystalSoft Nanotube Modeler. In the model, a point light source of λ = 660 nm
is located on the central axis of the 20-fold symmetry quasi-periodic nanohole array
and placed at a distance of Zobj = 13.5 m away from the array’s surface. Again, the
distance of Zobj chosen here is that at which an isolated focused energy hot-spot is
created when a 20-fold symmetry quasi-periodic nanohole array is illuminated with a
plane wave of λ = 660 nm. Compared to point light source illumination on a 5-fold
symmetry quasi-periodic nanohole array, optical energy from a point light source is
more concentrated on the central axis of a 20-fold symmetry quasi-periodic nanohole
array as the calculated ﬁeld distributions on the XZ plane at Y = 0 show in Fig. 5.11
(b). From the calculated ﬁeld distributions, several focused spots to represent as an
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lens at diﬀerent imaging distances.
Figure 5.11: Lensing performance of a radially symmetric quasi-periodic
nanohole array. Calculation results. Plate (a) schematically shows a fragment of a
20-fold symmetry quasi-periodic nanohole array and the size of nanoholes is 200 nm in
diameter. With a point light source illumination of 660 nm placed on an object plane at
Zobj = 13.5 m away from the array’s surface and located on the central axis of the de-
signed array, plate (b) shows the calculation results of ﬁeld distributions above the array
on the XZ plane at Y = 0. Note that several imaged spots can be generated on the central
axis of the array to represent the point light source on the other side of the nanohole array
lens.
In Fig. 5.12, plates (a) to (d) show diﬀerent characteristic diﬀraction patterns with a
focused imaged spot created on the central axis at the imaging distance Zimg of 3.5 m,
6 m, 11.5 m and 12.5 m from the array as the green dashed lines indicate in Fig. 5.11
(b), respectively. Among the results, the focused spots have similar spot size d and
exist in nearly the same range of view ﬁeld D. By linearly moving the point light source
illumination, the linear displacement of an imaged spot occurs at every characteristic
imaging distance as in the results summarized in Fig. 5.13. These similarities of imaged
spots’ size d, ﬁeld of view D and the linear displacement of an imaged spot make it very
diﬃcult to determine the focal plane, which can be used as a true image of the original
optical source. Considering the magniﬁcation M = Zimg/Zobj, at the characteristic
distance of 12.5 m away from the array’s surface, the magniﬁcation of an imaged spot
is largest and is approximately unitary, similar to the imaging of a conventional lens
when the test object is placed at twice the focal length. With this largest magniﬁcation,
complex objects with small separations are more likely to be resolved on the other side
of the nanohole array lens.160 5. Nanohole array as a lens
Figure 5.12: Energy hot-spot foci as imaged spots created at diﬀerent distances
Zimg from a 20-fold symmetry quasi-periodic nanohole array. Calculation results.
With a point light source at a wavelength of 660 nm, several focused spots are generated at
diﬀerent distances Zimg of 3.5 m, 6 m, 11.5 m and 12.5 m from the array as shown in
plates (a) to (d), respectively. All the images have a size of 10 ×10 m2. Note that these
focused spots have similar spot size d and exist in nearly the same range of view ﬁeld D.
Figure 5.13: Linear displacement of imaged spots at diﬀerent characteristic
imaging distances Zimg. Calculation results. Comparison of the linear displacement of
several focused spots generated at diﬀerent characteristic distances Zimg of 3.5 m, 6 m,
11.5 m and 12.5 m with a point light source’s movement in the Y direction. The point
light source is placed at 13.5 m away from a 20-fold symmetry quasi-periodic nanohole
array and the illumination wavelength is at λ = 660 nm. Note that the focused spot at
Zimg = 12.5 m is selected to be a represented imaged spot because of the approximately
unitary magniﬁcation.
To examine the size of the eﬀective imaging area of a 20-fold symmetry quasi-
periodic nanohole array lens, Fig. 5.14 (a) to (g) show the calculated diﬀraction patterns
with a point light source moved away from a pre-set starting point to ±3 m in the
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generated on an image plane at Zimg = 12.5 m, while the point light source as a
starting point is placed on the central axis of the array and at Zobj = 13.5 m away
the array. By moving the point light source away from the pre-set starting point,
as the results show in Fig. 5.14, the linear displacement of the imaged spot and the
position correlation with the point light source are maintained as the point light source
is moved to 3 m away from the starting point, indicating that the eﬀective imaging
area of a 20-fold symmetry quasi-periodic nanohole array lens is larger than that of
a 5-fold symmetry quasi-periodic nanohole array. From the results in Fig. 5.13, at
Zimg = 12.5 m, the range of the eﬀective imaging area is maximum and has a diameter
of around 5.4 m.
Figure 5.14: Imaging of a point light source moved away from a pre-set starting
point by a radially symmetric quasi-periodic nanohole array lens. Calculation
results. Plate (d) shows an imaged spot generated on the other side of a 20-fold symmetry
quasi-periodic nanohole array lens at a distance of Zimg = 12.5 m, while a point light
source of λ = 660 nm is placed on an object plane at Zobj = 13.5 m away from the array.
By moving the point light source away from the starting point, the linear displacement of
the imaged spot and the position correlation with the point light source are maintained as
the point light source is moved to 3 m away from the starting point as shown in plates (a)
and (g). Note that the eﬀective imaging area of a 20-fold symmetry quasi-periodic nanohole
array lens is larger than that of a 5-fold symmetry quasi-periodic nanohole array.
Before testing the imaging abilities of a nanohole array lens, a discussion on the
eﬀective imaging area of the two types of nanhole array lenses will be presented. By
moving a point light source and carefully choosing the image plane, both the 5-fold and
20-fold symmetry quasi-periodic nanohole arrays show approximately unitary magni-
ﬁcation of an imaged spot as summarized in Fig. 5.15 (a). However, if a point light
source of 660 nm is moved to 2.5 m away from a pre-set starting point, no distin-
guished imaged spot will be found on an image plane at the same imaging distance
Zimg when using a 5-fold symmetry quasi-periodic nanohole array as a lens. As shown
in Fig. 5.15 (b), the imaged spot representing the original point source is vague. In
contrast, under the same condition, using a 20-fold symmetry quasi-periodic nanohole162 5. Nanohole array as a lens
array, a distinguished imaged spot can be observed as Fig. 5.15 (c) indicates. Here the
eﬀective imaging area can be extended to a range of about 6 m in diameter. Such a
larger ﬁeld of view results from the high radial symmetry of the nanohole arrangement
and provides the advantage of observing objects over a larger area.
Figure 5.15: Comparison of the eﬀective imaging area of a 5-fold and a 20-
fold symmetry quasi-periodic nanohole array lenses. Calculation results. Plate (a)
summarizes the relationship between the movement of a point light source and a correlated
imaged spot. Both 5-fold and 20-fold symmetry quasi-periodic nanohole array lenses show
approximately unitary magniﬁcation. By moving a point light source to 2.5 m away from
a pre-set starting point, a distinguished imaged spot can still be observed by using a 20-fold
symmetry quasi-periodic nanohole array as a lens as shown in plate (c), while a chaotic
ﬁeld distribution and a blurred imaged pattern are acquired as shown in (b) by the use of a
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5.5 Imaging abilities of a nanohole array lens: point light
source illumination
From the results above, we found that the essential lensing functions of (1) the one-to-
one imaging of a point light source and (2) the linear correlation of movement between
a point light source and its corresponding imaged spot make a quasi-periodic nanohole
array perform as a conventional lens in a local imaging area. In this section, we will
further examine and evaluate the imaging abilities of a quasi-periodic nanohole array
by distinguishing two adjacent point light sources with diﬀerent separations through a
series of calculations.
5.5.1 Imaging abilities of a quasi-periodic nanohole array lens: 5-fold
symmetry quasi-periodic nanohole array lens
In the model, as shown in the schematic diagram in Fig. 5.16, optical sources with a
separation S are placed on an object plane at a distance of Zobj away from a nanohole
array lens. The size of nanohole array lenses in the calculations is 50 ×50 m2 and
the illumination wavelength is λ = 660 nm. By theoretical calculations with the scalar
angular spectrum method, ﬁeld distributions on the other side of the array will be ob-
tained at diﬀerent imaging distances Zimg. One of them may reveal an imaged pattern
of the adjacent point light sources with two imaged spots separated by a distance of
S′. Furthermore, two types of illumination − coherent and incoherent − will be taken
into account in a series of calculations.164 5. Nanohole array as a lens
Figure 5.16: Imaging of two adjacent point light sources with a nanohole array
lens. Schematic diagram. In the model, two point light sources with a separation S are
placed on an object plane at a distance of Zobj away from a nanohole array lens. In calcu-
lations, the size of nanohole array lenses is 50 ×50 m2 and the illumination wavelength
of the optical sources is λ = 660 nm. Field distributions on the other side of the nanohole
array lens will be obtained at diﬀerent imaging distances Zimg. Note that one of the ﬁeld
maps may reveal an imaged pattern with two imaged spots separated with a distance S′
which can be seen as an image of the two light sources.
First, a 5-fold symmetry quasi-periodic nanohole array is used as a nanohole array
lens to image two close point light sources with diﬀerent separation distances S. The 5-
fold symmetry quasi-periodic nanohole array contains about 4,000 nanoholes of 200 nm
in diameter and covers an area of 50 ×50 m2. The two adjacent point light sources
are placed on an object plane 11.4 m away from the array’s surface and the mid-point
of the sources is on the central axis of the designed nanohole array. By using the 5-fold
symmetry quasi-periodic nanohole array lens to image two separated point light sources,
calculated imaged patterns with coherent and incoherent light sources are generated
on an image plane at Zimg = 11 m as shown in Fig. 5.17 and Fig. 5.18, respectively.
In Fig. 5.17, plates (a) to (d) display the calculation results of imaging two coherent
light sources with a separation of 550 nm, 600 nm, 650 nm and 700 nm, while plates (a)
to (d) in Fig. 5.18 show calculation results with incoherent light sources separated by
400 nm, 450 nm, 500 nm and 550 nm, respectively. All the calculated imaged patterns
are in a size of 5 ×5 m2 and the yellow dashed circles indicate the estimated size of an
eﬀective imaging area of a 5-fold symmetry quasi-periodic nanohole array lens which is
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To determine whether the two optical sources can be resolved on the image plane
or not, the Abbe-Rayleigh rule is applied − the two point light sources can be resolved
when the central maximum of one imaged spot falls outside the location of the ﬁrst
minimum of the other [94]. Therefore, due to the cross-section proﬁles of imaged spots in
the imaged patterns shown in Fig. 5.17 (e), two coherent point light source illuminations
with wavelength of 660 nm are resolved when they are separated by S = 600 nm,
while a distance between the two imaged spots is around S′ = 750 nm. Regarding
the incoherent illumination, as the cross-section proﬁles indicate in Fig. 5.18 (e), the
imaged spots of the two separated point light sources are resolved when the sources
are separated by a distance of S = 450 nm and the separation of the two imaged spots
is S′ = 460 nm. It appears that a 5-fold symmetry quasi-periodic nanohole array lens
shows better resolving power under incoherent illumination than coherent illumination,
just as a conventional lens does. By analogy with the resolving power of a conventional
lens under coherent illumination, the eﬀective N.A. of a nanohole array lens can be
given by
N.A. =
0.77λ
S′ , (5.1)
where S′ is the resolving distance between the two imaged spots. Therefore, the 5-
fold symmetry quasi-periodic nanohole array shows a resolving ability analogous to a
conventional lens of N.A.=0.85 under coherent illumination. Similarly, the resolving
power of a conventional lens under incoherent illumination is given by
N.A. =
0.61λ
S′ . (5.2)
In this case, the quasi-periodic nanohole array lens can function as a conventional lens
with an eﬀective N.A.=0.89 under incoherent illumination.166 5. Nanohole array as a lens
Figure 5.17: Imaging of two separated coherent point light sources by a quasi-
periodic nanohole array lens. Plates (a) to (d) show the calculated patterns of imaging
two coherent light sources with a separation of 550 nm, 600 nm, 650 nm and 700 nm, re-
spectively. The two point light sources of λ = 660 nm are placed at Zobj = 11.4 m away
from a 5-fold symmetry quasi-periodic nanohole array lens, while the imaged patterns are
generated at Zimg = 11 m. The size of the images is 5 ×5 m2 and the yellow dashed
circles indicate the eﬀective imaging area of the quasi-periodic nanohole array lens. Plate
(e) shows the cross-section proﬁles of the imaged spots. Note that two coherent point light
sources are resolved when they are separated by S = 600 nm, while the distance between the
two imaged spots is around S′ = 750 nm, giving an eﬀective N.A. of 0.85.
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Figure 5.18: Imaging of two separated incoherent point light sources by a quasi-
periodic nanohole array lens. Plates (a) to (d) show the calculated patterns of imaging
two incoherent light sources with a separation of 400 nm, 450 nm, 500 nm and 550 nm,
respectively. The two point light sources of λ = 660 nm are placed at Zobj = 11.4 m away
from a 5-fold symmetry quasi-periodic nanohole array lens, while the imaged patterns are
generated at Zimg = 11 m. The size of the images is 5 ×5 m2 and the yellow dashed
circles indicate the eﬀective imaging area of the quasi-periodic nanohole array lens. Plate
(e) shows the cross-section proﬁles of the two imaged spots in the imaged patterns. Note
that two coherent point light sources are resolved when they are separated by S = 450 nm,
while the distance between the two imaged spots is around S′ = 460 nm, giving an eﬀective
N.A. of 0.89.
5.5.2 Imaging abilities of a radially symmetric quasi-periodic nanohole
array lens: 20-fold symmetry quasi-periodic nanohole array lens
In addition, the imaging abilities of a 20-fold symmetry quasi-periodic nanohole array
are also investigated through a series of calculations of the imaging of two separated
point light sources. The 20-fold symmetry quasi-periodic nanohole array contains about
4,000 nanoholes in an area of 50 ×50 m2 and the size of the nanoholes is 200 nm. As
in the schematic diagram of the model shown in Fig. 5.16, the two separated point
light sources with incoherent illumination are positioned on an object plane at Zobj =
13.5 m away from the radially symmetric quasi-periodic nanohole array lens, while
imaged spots will be generated on an image plane at Zimg = 12.5 m. The mid-point
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symmetric quasi-periodic nanohole array lens. In Fig. 5.19, plates (a) to (d) display the
calculation results of imaging two incoherent light source illuminations with diﬀerent
separations of 500 nm, 550 nm, 600 nm and 650 nm, respectively. All the calculated
imaged patterns are in a zoom-in area of 5 ×5 m2. The imaged patterns show that
the two point light sources can be resolved when the separation between the point
light sources is S = 600 nm, while the separation between the imaged spots is about
S′ = 510 nm. The eﬀective N.A. of the 20-fold symmetry quasi-periodic nanohole array
lens can be estimated as around 0.67 under incoherent light illumination. Such a result
indicates that the resolving power of a 20-fold symmetry quasi-periodic nanohole array
lens may not be as good as that in a quasi-periodic nanohole array lens with 5-fold
rotational symmetry. This may be explained by the magniﬁcation (M = Zimg/Zobj)
of the 5-fold symmetry nanohole array lens in its eﬀective imaging area. As shown in
Fig. 5.14 (a), it is found that the magniﬁcation of a 5-fold symmetry nanohole array
lens is closer to the unitary magniﬁcation than that in a nanohole array with 20-fold
rotational symmetry. Thus, with the same separation S, a 5-fold symmetry quasi-
periodic nanohole array lens can separate the imaged spots with a longer displacement
S′.
However, regarding the eﬀective imaging area of a nanohole array lens, a larger
imaging range can be obtained by a 20-fold symmetry quasi-periodic nanohole array.
By separating two incoherent point light sources to 6 m away from each other, as
shown in Fig. 5.20, the imaged spots are still clearly seen because of the larger imaging
area of a 20-fold symmetry quasi-periodic nanohole array lens, while a chaotic imaged
pattern is obtained when a 5-fold symmetry quasi-periodic nanohole array is used. In
summary, the resolving abilities of a 20-fold symmetry quasi-periodic nanohole array are
not as good as that of a 5-fold symmetry quasi-periodic nanohole array lens. However,
with a wide imaging area, structures such as objects composed of multiple point light
sources, slits with diﬀerent lengths or grating structures can be imaged by a 20-fold
symmetry quasi-periodic nanohole array lens. A series of calculations on the imaging
of diﬀerent features by a 20-fold symmetry quasi-periodic nanohole array lens will be
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Figure 5.19: Imaging of two separated incoherent point light sources by a
radially symmetric quasi-periodic nanohole array lens. Plates (a) to (d) show the
calculated patterns of imaging two incoherent light sources with the separation of 500 nm,
550 nm, 600 nm and 650 nm, respectively. Plate (e) shows the cross-section proﬁles of the
two imaged spots in the imaged patterns. Note that two incoherent point light sources are
resolved when they are separated by S = 600 nm, while a distance between the two imaged
spots is around S′ = 510 nm, giving an eﬀective N.A. of 0.67.
Figure 5.20: Comparison of an eﬀective imaging area of nanohole array lenses:
imaging of two separated incoherent point light sources. Calculation results. Plates
(a) and (b) show a comparison of the eﬀective imaging area using a 5-fold (a) and a 20-
fold (b) symmetry quasi-periodic nanohole array lens, respectively. By separating the two
incoherent point light sources with a separation of 6 m, two imaged spots can still be
revealed by using a 20-fold symmetry quasi-periodic nanohole array lens, indicating that a
larger eﬀective imaging area than that of a 5-fold symmetry quasi-periodic nanohole array
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5.5.3 Structures composed of multiple point light sources
In order to test the imaging quality with realistic objects and determine the eﬀective
imaging area of a nanohole array lens, several structures composed of multiple incoher-
ent point light sources of λ = 660 nm are designed and placed on an object plane at
Zobj = 13.5 m away from a 20-fold symmetry quasi-periodic nanohole array lens. The
structures are characters of M, E, T and A as shown in Fig. 5.21 (a) to (d), respec-
tively. The characters are included in an area of 2.5 ×2.5 m2 and the central point
of each character is aligned with the central axis of the array. The smallest separation
distance between the light sources is 500 nm.
By using a 20-fold symmetry quasi-periodic nanohole array as a lens to image the
designed structures, calculated imaged patterns which reveal the designed characters
are generated on an image plane at an optimum imaging distance of Zimg = 12.5 m and
the results are shown in Fig. 5.21 (i) to (iv), corresponding to the designed characters as
shown in the plates (a) to (d) but rotated by 180◦. In the results, the appearance of the
characters can be recognized but some details of the imaged spots are not distinguished.
Also, the inhomogeneous intensity distributions on the imaged patterns indicate that
the nanoholes’ distribution on the 20-fold symmetry quasi-periodic nanohole array lens
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Figure 5.21: Imaging of designed structures which are composed of multiple in-
coherent point light sources. Calculation results. Plates (a) to (d) display the designed
structures which are composed of multiple incoherent point light sources of λ = 660 nm as
characters of M, E, T and A, respectively. The smallest distance between the point light
sources is 500 nm. The designed characters are placed on an object plane at Zobj = 13.5 m
away from a 20-fold symmetry quasi-periodic nanohole array lens and the size of the struc-
tures is 2.5 ×2.5 m2 whose central point is aligned with the central axis of the array lens.
Plates (i) to (iv) show the corresponding imaged patterns but with a rotation of 180◦. All
the images are 10 ×10 m2.
Furthermore, we combined the above designed characters together to create a struc-
ture over a larger area, such as the combined characters of ET and META which are
schematically shown in Fig. 5.22 (a) and (c), respectively. The combined characters are
placed on an object plane at Zobj = 13.5 m and the central point of the structures is on
the central axis of the quasi-periodic nanohole array. The size of the combined charac-
ters of ET is 6.5 ×2.5 m2, while META is 10 ×2.5 m2. By imaging with a 20-fold
symmetry quasi-periodic nanohole array lens, the calculated imaged patterns which
correspond to the structures shown in Fig. 5.22 (a) and (c) are displayed in Fig. 5.22
(b) and (d), respectively. In the results, the imaged pattern of combined characters ET
is still clearly distinguished, though some blurred patterns are generated on the edge
of the pattern. In the imaged pattern of META shown in Fig. 5.22 (d), in the range
of eﬀective imaging area, part of the combined characters can be imaged on the other
side of the nanohole array lens. However, the imaging quality is also aﬀected by the
point light sources outside the eﬀective imaging area and is not as good as the imaged172 5. Nanohole array as a lens
pattern shown in plate (b).
Figure 5.22: Imaging of large structures composed of multiple incoherent
point light sources. Calculation results. The designed structures of combined char-
acters composed of multiple incoherent point light sources are placed on an object plane at
Zobj = 13.5 m away from a 20-fold symmetry quasi-periodic nanohole array lens. The
combined characters of ET as shown in plate (a) are included in an area of 6.5 ×2.5 m2,
while the characters of META are in an area of 10 ×2.5 m2 as in plate (c). Plates (b)
and (d) display corresponding images to the combined characters on an image plane at
Zimg = 12.5 m.
5.6 Imaging abilities of a nanohole array lens: light illu-
mination from nanoslits and their combinations
In addition to examining the imaging of point light sources and their various arrange-
ments, we also tried to image other objects such as nanoslits and their combinations
with diﬀerent separations. First we tested the imaging of single nanoslits with diﬀerent
lengths by using a 20-fold symmetry quasi-periodic nanohole array as a lens. Imaged
patterns with corresponding lengths to the objects are seen on the other side of the
nanohole array lens. Then, with a ﬁxed length of the constituent nanoslits, objects of5.6. Imaging abilities of a nanohole array lens: light illumination from nanoslits and
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double nanoslits with diﬀerent separations were investigated and the imaging abilities
of using a 20-fold symmetry quasi-periodic nanohole array lens can be estimated. At
the end of this section, imaging of grating structures with diﬀerent periods will be
tested and the eﬀective imaging ﬁeld of a nanohole array lens will be veriﬁed.
As in the model schematically displayed in Fig. 5.23 (a), objects such as single
nanoslits (b), double nanoslits (c) and grating structures (d) are positioned on an
object plane at Zobj away from a 20-fold symmetry quasi-periodic nanohole array lens,
while corresponding images of the test objects will be generated on the other side of the
array at an optimum imaging distance of Zimg. In the calculations, the illumination
wavelength is assumed to be λ = 660 nm and the central point of each object is on
the central axis of the nanohole array lens. The test object parameters are as follows:
l denotes the length of nanoslits and w is the width, separation S is the edge-to-edge
distance between two adjacent nanoslits and the period P = w+S of a grating structure
is the center-to-center distance of the constituent nanoslits as indicated in Fig. 5.23 (c)
and (d). A series of theoretical calculations on the imaging of single nanoslits with
diﬀerent lengths l, objects of double nanoslits with diﬀerent separations S and grating
structures with diﬀerent period P will be conducted and discussed below.174 5. Nanohole array as a lens
Figure 5.23: Imaging of single nanoslits, double nanoslits and grating struc-
tures. (a) schematically displays the model of the imaging of nanoslits and their diﬀerent
combinations. In calculations, objects composed of diﬀerent numbers of nanoslits are lo-
cated on an object plane at Zobj away from a 20-fold symmetry quasi-periodic nanohole
array lens, while the corresponding imaged patterns are generated at an optimum imaging
distance Zimg. The illumination wavelength is assumed to be λ = 660 nm. Schematic di-
agrams (b) to (d) show the testing objects: a single nanoslit, double nanoslits and grating
structures, respectively. l denotes the length of nanoslits and w is the width. Separation S
is the edge-to-edge distance between two adjacent nanoslits and the grating period P is the
center-to-center distance of constituent nanoslits. The centre of all the testing objects is
aligned with the central axis of the nanohole array lens.
5.6.1 Single nanoslits with diﬀerent lengths
Fig. 5.24 displays the calculation results of imaging of single nanoslits with diﬀerent
lengths. The nanoslits are set to have a ﬁxed width w = 200 nm and various lengths
l changed from 1 m to 4 m as shown in Fig. 5.24 (a) to (g). The test objects are
placed on an object plane at Zobj = 13.5 m away from a 20-fold symmetry quasi-
periodic nanohole array lens and plates (i) to (vii) in Fig. 5.24 show the corresponding
imaged patterns of each single nanoslit objects which can be clearly generated on an
image plane at an imaging distance of Zimg = 13.5 m. All the images displayed here
are in a zoom-in area of 10 ×10 m2. The images demonstrate that imaged patterns of
the single nanoslit objects can be created with correct lengths. Regarding the intensity5.6. Imaging abilities of a nanohole array lens: light illumination from nanoslits and
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distributions of the imaged patterns, more unwanted energy in the region of the imaged
nanoslits and larger energy side lobes are seen with an increase in the length of the
nanoslits. This may result from the diﬀerent diﬀraction patterns generated by the illu-
mination of single nanoslits with diﬀerent lengths, causing various energy distributions
on the nanoholes of the array lens. With an increase of the length, more nanoholes
with higher energy are included to construct the imaged pattern. However, the diﬀ-
raction pattern of a single nanoslit and the arrangement of nanoholes are not identical
in all orientations, generating some unwanted energy distribution on the correspond-
ing images. Considering the correspondence to the testing objects and lower energy
distribution around an imaged nanoslit pattern, we chose the single nanoslit with a
length of 1.5 m as a unit element to form the objects of double nanoslits and grating
structures. The calculations of the imaging of double nanoslits and grating structures
will be conducted in the next sections.
Figure 5.24: Imaging of single nanoslits with diﬀerent lengths. Calculation
results. The objects are placed on an object plane at Zobj = 13.5 m away from a 20-fold
symmetry quasi-periodic nanohole array lens. The width of the nanoslits is ﬁxed at 200 nm
and the length is varied from 1 m to 4 m as plates (a) to (g), respectively. By imaging
with the nanohole array lens, plates (i) to (vii) show the corresponding imaged patterns to
the single nanoslit objects generated on an image plane at Zimg = 13.5 m and the green
dashed rectangles indicate the geometry of the single nanoslit objects. Note that the lengths
of imaged nanoslits correspond to the length of the test objects. All the images have an
area of 10 ×10 m2.
5.6.2 Double nanoslits with diﬀerent separations
For imaging of double nanoslits by a 20-fold symmetry quasi-periodic nanohole array
lens, the objects are placed on an object plane at Zobj = 13.5 m and the separation
S between the constituent nanoslits is changed from 200 nm to 500 nm as shown in176 5. Nanohole array as a lens
Fig. 5.25 (a) to (f). In calculations, the width and length of each nanoslit is ﬁxed
at w = 200 nm and l = 1.5 m. Light from the two nanoslits is incoherent and the
wavelength is set to be λ = 660 nm. Plates (i) to (vi) in Fig. 5.25 display the images with
corresponding imaged double nanoslits patterns generated on an image plane at Zimg =
13.5 m. The imaging ability of a 20-fold symmetry quasi-periodic nanohole array lens
can be estimated by comparing the cross-section proﬁles of the imaged nanoslits shown
in Fig. 5.26. According to the Abbe-Rayleigh rule, the cross-section proﬁles show that
a double nanoslit with incoherent light illumination can be distinguished when the
separation of two constituent nanoslits is S = 250 nm, suggesting that the eﬀective
N.A. of a 20-fold symmetry quasi-periodic nanohole array lens is around 0.89.
Figure 5.25: Imaging of double nanoslits with diﬀerent separations S. Calcula-
tion results. The double nanoslits with varied separations S are placed on an object plane
at Zobj = 13.5 m away from a 20-fold symmetry quasi-periodic nanohole array lens. The
width and length of each nanoslit are ﬁxed at 200 nm and 1.5 m respectively, while the
separation S between the two nanoslits is varied from 200 nm to 500 nm as the schematic
diagrams show (plates (a) to (f)). Plates (i) to (vi) show the corresponding imaged pat-
terns generated on an image plane at Zimg = 13.5 m and the green dashed lines display
the expected location and size of the double nanoslit objects. All the images have an area
of 10 ×10 m2.5.6. Imaging abilities of a nanohole array lens: light illumination from nanoslits and
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Figure 5.26: Comparison of cross-section proﬁles on the imaged double
nanoslits patterns. Cross-section proﬁles on the imaged double nanoslits patterns when
shown in Fig. 5.26 (i) to (vi). Note that the double nanoslits can be distinguished when
the separation between the two nanoslits is 250 nm, giving an eﬀective N.A. of a 20-fold
symmetry quasi-periodic nanohole array lens analogue to a conventional lens around 0.89.
The red dashed lines show an original double nanoslit with S = 250 nm.
5.6.3 Gratings with diﬀerent periods
The imaging of grating structures by a 20-fold symmetry quasi-periodic nanohole array
lens is schematically shown in Fig. 5.27. The grating structures contain 12 nanoslits
with incoherent illumination of 660 nm and are placed on an object plane at 13.5 m
away from the quasi-periodic nanohole array lens. The length and width of each nanoslit
are ﬁxed at l = 1.5 m and w = 200 nm, respectively. The grating periods P between
the constituent nanoslits are 600 nm and 650 nm, indicating that the overall areas of
the two designed gratings are 6.8 ×1.5 m2 and 7.35 ×1.5 m2. The geometric center
of the grating structures is aligned with the central axis of the nanohole array lens.178 5. Nanohole array as a lens
Figure 5.27: Imaging of gratings by a 20-fold symmetry quasi-periodic
nanohole array lens. Schematic diagrams. (a) shows the imaging of grating struc-
tures by using a 20-fold symmetry quasi-periodic nanohole array, while (b) schematically
displays the grating structures. The grating structures are placed on an object plane at
Zobj = 13.5 m. The length and width of each nanoslit are ﬁxed at l = 1.5 m and
w = 200 nm, respectively. The grating periods P between the constituent nanoslits are
600 nm and 650 nm, indicating that the overall areas of the two designed gratings are
6.8 ×1.5 m2 and 7.35 ×1.5 m2. The geometric centre of the grating structures is aligned
with the central axis of the nanohole array lens.
By using the 20-fold symmetry quasi-periodic nanohole array as a lens to image
the gratings, Fig. 5.28 (a) and (b) show the imaged patterns of diﬀerent gratings with
period P of 600 nm and 650 nm, respectively. The gratings consist of 12 nanoslits whose
width is 200 nm and length is 1.5 m. The total width of each grating is 5.7 m and
6.15 m. By varying the imaging distance from the array, the best resolved images are
produced at 13.5 m. As shown, at the centre of the eﬀective imaging area of around
6 m in diameter, the nanoslits in gratings can be resolved. The smallest resolving
distance is around 300 nm, equal to the edge-to-edge distance between the nanoslits.
However, slits are not imaged clearly at the two ends of the grating. Such results again
demonstrate the eﬀective imaging area when using a quasi-periodic nanohole array as
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Figure 5.28: Imaging of grating structures with diﬀerent periods. Calculation
results. A 20-fold symmetry quasi-periodic nanohole array is used for the imaging of grating
structures with diﬀerent periods P. The grating structures consist of 12 nanoslits whose
width is w = 200 nm and length is l = 1.5 m. In the calculations, the periods of adjacent
nanoslits are 600 nm and 650 nm, indicating the overall areas of the two designed gratings
are 5.7 ×1.5 m2 and 6.15 ×1.5 m2. By positioning the gratings on an object plane at
Zobj = 13.5 m, optimum imaged patterns are revealed on an image plane at Zimg =
13.5 m as shown in plates (a) and (b), respectively.
In the calculation results discussed above, it is shown that structures composed of
incoherent light sources can be imaged by a nanohole array lens. Within the eﬀective
imaging area, objects with a separation below the diﬀraction limit can be resolved and
displayed on an image plane by carefully choosing the imaging distance Zimg. In the
calculations, the imaging of incoherent light sources is the superposition of intensities
from each imaged pattern of the component light source, while the imaging of the
coherent light sources is the superposition of the amplitudes. Therefore, as long as the
one-to-one imaging function and the corresponding linear displacement of a point source
can be found using a nanohole array lens, then structures composed of incoherent light
sources should be imaged by the nanohole array lens in the calculations. However,
in an experimental realization, samples of incoherent light sources are not easy to
prepare. One possible sample preparation is test objects composed of quantum dots180 5. Nanohole array as a lens
or ﬂuorescent nanoparticles. In this approach, the size and the shape of component
ﬂuorescent light-emitting objects have to be considered. Fluorescent objects with large
size and irregular shape may not be successfully imaged on the other side of a nanohole
array lens.
5.7 Conclusions
In conclusion, by theoretical calculations and experimental investigations, we have
demonstrated that a quasi-periodic nanohole array can perform the function of a con-
ventional lens, that is, the one-to-one imaging of a point light source to an imaged
focused spot on the other side of the array. Moreover, the linear displacement of an im-
aged focused spot representing the original point light source shows the approximately
unitary magniﬁcation with the movement of original source. Such a result implies the
possibility of directly imaging the objects of multiple light sources by using a quasi-
periodic nanohole array as a lens. Through the imaging of two separated point light
sources, a 5-fold symmetry quasi-periodic nanohole array shows an imaging ability anal-
ogous to a conventional lens with high N.A.; however, the imaging ﬁeld of view is not
large enough for practical imaging applications. By examining the imaging ability of
nanohole arrays with diﬀerent nanohole arrangements, a larger eﬀective imaging area
can be produced when a radially symmetry quasi-periodic nanohole array is used as a
lens. In this chapter, we use a 20-fold symmetry quasi-periodic nanohole array as an
example to demonstrate that complex structures composed of multiple point sources
can be imaged with resolutions comparable to a high N.A. lens.
Despite the complicated light diﬀraction behaviour above nanohole arrays, accord-
ing to the optical super-oscillation theory, there is no limitation in the size of hot-spots
or in the ﬁeld of view. Thus, a nanohole array lens with higher N.A. can be achieved
by more sophisticated arrangement on the nanoholes, generating small subwavelength
hot-spots within a large ﬁeld of view and mimicking the functions of real lenses. How-
ever, there lies another challenge. As energy losses are inevitable in pursuit of high
resolution in a large ﬁeld of view via super-oscillation, here the price to pay will be a
decrease in the power concentrated in the hot-spot and an increase in the power of the
unfocused side-bands located outside the ﬁeld of view. This will require experiments5.7. Conclusions 181
with increasingly sensitive detectors.6
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6.1 Summary
This thesis represents a study of nanoscale light control with diﬀerent types of nanopho-
tonic metamaterials. Two main research topics of manipulating subwavelength light
localizations have been investigated. One is the precise control of light localizations
in the near-ﬁeld with planar plasmonic metamaterials; the other is the generation of a
subwavelength light localization beyond the near-ﬁeld by using super-oscillating binary
masks with diﬀerent arrangements of nanoholes.
Prior to the work presented here, several ideas of controlling near-ﬁeld light lo-
calizations have been suggested. However, they can only be conducted in complex
nanosystems or lack nanoscale accuracy in hot-spot positioning. To improve these
weaknesses, this thesis has made a number of theoretical and experimental advances.
• It has been experimentally demonstrated that a planar metamaterial can be used
as a controllable template for nanoscale light localizations. Subwavelength energy
hot-spots in the near-ﬁeld of a ﬁsh-scale metamaterial can be eﬃciently controlled
by tuning the polarization and wavelength of an incident light beam.
• It was shown that the positions of near-ﬁeld light localizations are highly corre-
lated to the nanostructure, unit cell size and the dipole absorption resonance of
an array of meta-molecules.
• Through coherent control of a monochromatic continuous light beam with a spa-
tially tailored phase proﬁle, it has been theoretically and experimentally demon-
strated for the ﬁrst time that well-isolated energy hot-spots of a fraction of a
wavelength can be created and positioned on the landscape of a metamaterial.
• A new experimental conﬁguration for the coherent control of nanoscale light lo-
calization has been established by an integration of a SNOM and a phase-only
SLM.
• By simply modulating the input phase proﬁle, the hot-spot position on the meta-
material can be prescribed and moved at will from one meta-molecule of the array
to another in a digital fashion. The accuracy of hot-spot movement depends on
the size of the meta-molecules, which can be much smaller than the wavelength
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Regarding subwavelength light localizations generated beyond the near-ﬁeld, pre-
vious studies used a quasi-periodic nanohole array as a super-oscillating binary mask.
However, the distance between adjacent energy hot-spots is too small, which restricts
the practical uses of this technique. Therefore, this thesis has made further exploration
of hot-spot generation and new exploitation of nanohole arrays.
• It has been demonstrated for the ﬁrst time that an isolated subwavelength hot-
spot can be created beyond the near-ﬁeld and can be located in a wide ﬁeld of
view by using a radially symmetric quasi-periodic nanohole array.
• The lensing functions of quasi-periodic nanohole arrays have been discovered.
It was shown that the imaging ability of a nanohole array lens is similar to a
conventional lens with high N.A. With the use of a radially symmetric quasi-
periodic nanohole array, the eﬀective imaging ﬁeld can be extended and complex
objects composed of multiple light sources can be resolved.
6.2 Outlook
This research has proposed informative approaches to and demonstrated new techniques
for the precise control of nanoscale light localizations. However, there still remain a few
challenges and some room for further studies. Here, a brief outlook is given on future
work and potential applications, hopefully making the most use of the ﬁndings yielded
by the present study.
Advanced apparatus for controlling near-ﬁeld light localizations
Regarding control of light localization in the near-ﬁeld, it has been demonstrated
in this thesis that well-isolated energy hot-spots can be created and positioned by
modulating the phase proﬁle of an incident light beam. It would be interesting to
extend this technique to generate arbitrary patterns with subwavelength resolution on
the landscape of metamaterials. This can be realized by developing new algorithms to
modulate the amplitude and phase proﬁles of an incident light beam, and by an ar-
rangement of optics for individually controlling each meta-molecule. Furthermore, due
to strong optically induced interactions between meta-molecules, new designs for the186 6. Conclusions
nanostructure, the unit cell size, and the arrangement of meta-molecule arrays will be
required. It is believed that these eﬀorts will make great contributions to applications
such as the development of high-deﬁnition imaging devices, data storage with phase-
change nanoparticles, and nanoluminescent bio-assay labelling with quantum dots.
Imaging devices with super-oscillating masks
In this thesis, it has been demonstrated that a quasi-periodic nanohole array can be
used as a lens to generate an isolated subwavelength focused spot beyond the near-ﬁeld
and to image objects on the other side of the array. Therefore, it will be of interest
to develop new types of imaging devices such as a scanning type microscope and cov-
erglasses with nanoholes for direct imaging. However, issues to be considered include
the energy expense, the stability, and the contrast with background noise in pursuit of
high resolution imaging. As a result, more sophisticated arrangements of nanoholes for
super-oscillating binary masks are required. Meanwhile, a new type of super-oscillating
dynamic lens can be created by using an SLM to control the amplitude and phase of a
light beam.A
Collective excitations in an ensemble of identical
meta-molecules
The following numerical model of the collective excitations in an ensemble of identical
meta-molecules was provided Dr. S. D. Jenkins and Dr. J. Ruostekoski from the School
of Mathematics at the University of Southampton.
A.1 Theoretical Model
We consider an ensemble of N meta-molecules placed at positions ⃗ rj ( j = 1,...,N )
arranged in a 2D rectangular lattice. This lattice is driven by an external, phase
modulated, beam with electric ﬁeld ⃗ Ein(⃗ r,t) as described in the text. In general, the
charge and current densities for the single-molecule oscillatory modes are described by
a polarization density ⃗ Pj(⃗ r,t) and magnetization density ⃗ Mj(⃗ r,t). For simplicity, we
assume that the spatial extent of a meta-molecule is much smaller than the wavelength
of light and that the electric quadrupole moment of the meta-molecule vanishes. Each
meta-molecule is described by a single mode of current oscillation whose contribution
to the scattering of electromagnetic wave we then approximate by its electric and
magnetic dipole moments. The state of the meta-molecule j is represented by the
dynamic variable Qj(t) with units of charge and whose spatial characteristics have
been separated out into time independent functions ⃗ ψ(⃗ r) and ⃗ ϖ(⃗ r). Explicitly,
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⃗ Pj = Qj(t)⃗ ψ(⃗ r −⃗ rj) ≃ ⃗ djδ(⃗ r −⃗ rj) (A.1)
⃗ Mj = Ij(t)⃗ ϖ(⃗ r −⃗ rj) ≃ ⃗ µjδ(⃗ r −⃗ rj) (A.2)
where Ij(t) = dQj/dt is the current. In this work, we assume the electric dipoles are
aligned with the incident electric ﬁeld and that the magnetic dipoles are oriented along
the driving ﬁeld’s propagation direction so that only the electric dipoles are driven by
the incident beam.
In our dynamical model, in the absence of radiation losses, each current oscillation
behaves as a simple LC circuit with self capacitance C and self inductance L. The
emitted radiation results in a damping of the current oscillation, which we treat here
using the phenomenological line-widths ΓE and ΓM associated with electric and mag-
netic dipole radiation respectively. In the multi-molecule system, however, the radiated
ﬁelds couple to the dipole moments of all other molecules in the system. It is convenient
to represent the current oscillations in terms the dimensionless normal variables
bj(t) =
eiω0t
√
2ω0
(
Qj √
C
+ i
Φj √
L
)
, (A.3)
where Φj =
∫
d3r⃗ B · ⃗ ϖ describes the eﬀective magnetic ﬂux through the meta-molecule
j, C and L are the eﬀective self capacitance and self inductance of a single meta-
molecule, and ω0 = 1/
√
LC denotes the resonance frequency. By ignoring the frequency
dependence of spontaneous emission rates and coupling coeﬃcients, and after making
the rotating wave approximation, the equations of motion read
˙ b(t) = Cb(t) + F(t), (A.4)A.2. Eﬀect of collective modes 189
where b = (b1,...,bN)T, the coupling matrix
C = −
ΓE + ΓM
2
1 + i
3
4
(ΓEGE + ΓMGM)
+
3
4
√
ΓEΓM
(
G× + GT
×
)
, (A.5)
the driving ﬁeld contribution is given by
F = i
eiω0t
√
2ω0
Ein(t)
√
L
, (A.6)
and Ein is the electromotive force induced by the driving ﬁeld Ej =
∫
d3r ⃗ Ein(⃗ r,Ω)· ⃗ ψ(⃗ r−
⃗ rj),The dimensionless coupling matrices GE, and GM result from interactions with the
electric or magnetic ﬁelds scattered from the electric or magnetic dipoles respectively,
while the matrix G× accounts for the electric (magnetic) ﬁelds produced by the magnetic
(electric) dipoles.
Equation (A.4) corresponds to the integral representation of Maxwell’s wave equa-
tions, as described by Eq.(1) in the text, and can be eﬃciently solved as a linear system.
In the limits we’ve considered, there exist as many distinct collective eigenmodes of os-
cillation as there are meta-molecules in the system. Each collective mode corresponds
to an eigenvector of the matrix C and has a distinct resonance frequency and decay
rate, determined by the imaginary and real parts respectively of the corresponding
eigenvalue. In the context of this simpliﬁed model, the scheme we proposed in this
manuscript boils down to choosing a spatial proﬁle and detuning of the driving ﬁeld
so as to excite a linear combination of these eigenmodes such that the steady state
solution is localized on the meta-molecular crystal.
A.2 Eﬀect of collective modes
The eﬀect of strong interactions between diﬀerent meta-molecules and the resulting
collective radiative modes can be illustrated by a simple example of a 2×2 metamaterial
array. If the inter-dipole separation is much smaller than the wavelength of light, the
resonance frequencies and the radiative damping rates are very diﬀerent from the ones190 A. Collective excitations in an ensemble of identical meta-molecules
of an isolated dipole and they are aﬀected by recurrent scattering processes in which
the wave is scattered several times by the same dipole. The four energy eigenmodes
of the system can be represented as shown in Fig. A.1. Here the positive (negative)
amplitude of the current oscillation mode is displayed as + (−) sign.
If an incident ﬁeld can be prepared in such a way that it excites an equal super-
position of the four eigenmodes Φ =
∑
j
1
2ϕj, then one can immediately observe the
approximate cancelation of the optical excitation energy in three of the four dipoles in
the 2×2 metamaterial array. Due to the diﬀerent eigenmode energies, the ﬁeld proﬁle
in general is time-dependent. In large systems, however, there can be several modes
with almost identical energies. This simple example illustrates the localization in one
of the dipoles.
+ +
+ +
+ +
- -
+ -
+ -
+ -
- +
+ x
x x
Figure A.1: Four eigenstates of a 2 × 2 metamaterial system. First row: The
four eigenstates of a 2×2 metamaterial system ϕj (j = 1,...,4), respectively. The + (−)
sign refers to the positive (negative) amplitude of the current oscillation mode. The second
row: a superposition state Φ =
∑
j
1
2ϕj dominantly exciting one of the dipoles. Here the
sites marked by x are not excited.B
Experimental setup for coherent control process
B.1 Experimental conﬁguration
The coherent control of nanoscale light localization was demonstrated with a scanning
near-ﬁeld optical microscope (SNOM; Omicron) integrated with a phase-modulating-
only liquid crystal spatial light modulator (SLM; Holoeye, PLUTO, 1920 × 1080 pix-
els, 8 m/pixel). A schematic diagram of the experimental conﬁguration is shown in
Fig. B.1. The light source was a laser diode (Thorlabs, Max. power: 100 mW), oper-
ating at a wavelength of 852 nm and bandwidth of 0.5 nm.
Figure B.1: Schematic experimental setup for coherent control of nanoscale
light localization. An incident monochromatic light beam with spatially-modulated phase
proﬁle impinging on an interacting meta-molecules array was tailored by a phase-only SLM.
Demagniﬁcation by the optical setup (Lens 1, Lens 2 and the microscope objective) shrinks
the size of the modulated light beam to illuminate a metamaterial sample. The near-ﬁeld
intensity distributions of the metamaterial array under the resonant conditions were directly
measured by a SNOM.
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B.2 Phase proﬁle modulation
In the experiments, the wavefront of an incident modulated light beam had a sinusoidal
form which can be formulated as below. The modulated wavefront is spatially varied
along the x and y direction with a period of six unit cells of the metamaterial array.
E(x,y) = E0eiϕ(x,y), ϕ(x,y) =
ϕmax
2
sin(κx)sin(κy) (B.1)
where κ = 2π/(6a) , a is the unit cell of the interacting meta-molecules. According
to the formula, the required sinusoidal phase proﬁle for illuminating the metamaterial
sample can be displayed as shown in Fig. B.2(b), while the amplitude remains nearly the
same everywhere (see Fig. B.2(a)). By taking the Fourier transform of the modulated
ﬁeld and considering the magniﬁcation which is given by the optics setup (Lens 1:
f=1000 mm, Lens 2: f=400 mm and microscope objective: 40×), a transformation
of the modulated ﬁeld can be interpreted in Fourier space as shown in Fig. B.3. The
corresponding amplitude and phase in a free space can be obtained through computer
control of pixels of the SLM. In our cases, an array of 1080×1080 pixels was activated
to generate a light beam with a sinusoidal phase proﬁle modulation. Fortunately, as
shown in Fig. B.3(a), the approximately homogeneous amplitude indicates that such a
sinusoidal phase proﬁle can be performed by the phase-only SLM.B.2. Phase proﬁle modulation 193
Figure B.2: Required amplitude and modulated phase proﬁle The expected (a)
amplitude and (b) modulated phase proﬁle illuminated on the surface of a metamaterial
sample. The amplitude is expected to be homogeneous distributed on the metamaterial
landscape, while the phase proﬁle has a sinusoidal phase modulation.
Figure B.3: Transformation of the modulated ﬁeld in Fourier space. The cor-
responding amplitude and phase in a free space can be obtained through a computer control
on pixels of the SLM.C
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